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Human monoclonal antibody (MAb) bl2 recognizes a conformational epitope that overlaps the CD-4- 
binding site of the human immunodeficiency virus type 1 (HIV-1) envelope. MAb bl2 neutralizes a broad range 
of HIV-1 primary isolates and protects against primary virus challenge in animal models. We report here the 
discovery and characterization of B2.1, a peptide that binds specifically to MAb bl2. B2.1 was selected from a 
phage-displayed peptide library by using immunoglobulin Gl bl2 as the selecting agent. The peptide is a 
homodimer whose activity depends on an intact disulfide bridge joining its polypeptide chains. Competition 
studies with gpl20 indicate that B2.1 occupies the bl2 antigen-binding site. The affinity of bl2 for B2.1 depends \^ 
on the form in which the peptide is presented; bl2 binds best to the homodimer as a recombinant polypeptide 
fused to the phage coat. Originally, bl2 was isolated from a phage-displayed Fab library constructed from the 
bone marrow of an HIV-1 -infected donor. The B2.1 peptide is highly specific for bl2 since it selected only phage 
bearing bl2 Fab from this large and diverse antibody library. 



Anti-human immunodeficiency virus type 1 (HIV-1) neutral- 
izing antibodies (Abs) first appear months after the viremia 
that follows initial infection (1, 18, 27). This response, however, 
is highly type specific. Neutralizing Ab responses may broaden 
later in the infection (5, 24) but usually remain poor and occur 
sporadically in the majority of patients, including long-term- 
infected individuals (11, 23). 

Only three broadly conserved neutralizing epitopes have 
been identified thus far on the viral envelope; they are defined 
by human monoclonal Abs (MAbs) bl2, 2G12, and 2F5. MAb 
bl2 binds to a discontinuous epitope that overlaps the CD4- 
binding site on gpl20. MAb 2G12 recognizes a complex dis- 
continuous epitope involving the C3-V4 region of gpl20 and 
carbohydrate (34). MAb 2F5 binds to a linear epitope on the 
ectodomain of gp41 (8, 26, 32); however, the simplicity of this 
epitope is deceptive, since immunizations with recombinant 
influenza virus (25) or fusion proteins bearing this epitope (13, 
17) have failed to produce significant 2F5-like neutralizing Ab 
responses, indicating that the native epitope on gp41 is more 
complex than the six-residue linear sequence. MAbs bl2, 
2G12, and 2F5 have shown in vitro neutralizing activity against 
a wide variety of primary isolates (7, 8, 12, 29, 33). Moreover, 
passive transfer of bl2, 2F5, and 2G12 can provide sterile 
protection if adequate concentrations are achieved before 
HIV-1 exposure. Studies with 2F5, 2G12, and HTVTG showed 
that macaques were protected from intravenous (19) and vag- 
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inal (21) challenges with pathogenic SHIV 89 6PD (30). Passive 
immunization with IgGl bl2 protects hu-PBL-SCID mice from 
an HIV-1 primary-isolate challenge before and shortly after an 
intravenous viral challenge; (14) and macaques from a vaginal 
challenge with pathogenic R5 SHIV l62P (P. W. H. I. Parren, 
P. Marx, A. J. Hessell, A. Luckay, J. Harouse, C. Cheng- 
Mayer, J. P. Moore, and D. R. Burton, submitted for publica- 
tion). 

The success of these passive-immunization studies indicates 
an obvious goal in the development of a prophylactic vaccine: 
to elicit Abs having neutralizing activities similar to those of 
the currently known, broadly neutralizing MAbs (bl2, 2G12, 
and 2F5). Yet, all of the recombinant envelope-based vaccine 
candidates tested so far in clinical trials have been unable to 
elicit significant neutralizing responses against HIV-1 primary 
isolates (9, 20, 22), even in cases in which bl2, 2F5, and 2G12 
bound well to the immunizing subunit antigen, indicating that 
their respective epitopes are antigenic on these forms of the 
envelope proteins. Furthermore, these neutralizing epitopes 
are not recognized to any significant degree during natural 
infection; instead, as mentioned above, serum Abs having only 
weak cross-neutralizing titers are typically produced. Of the 
large number of MAbs cloned from infected donors, bl2, 
2G12, and 2F5 are the only ones reported so far that neutralize 
a broad spectrum of primary HIV-1 isolates. Thus, although 
the epitopes known to mediate broad neutralization are 
present on recombinant envelope proteins and on envelope 
proteins produced during natural infection, they do not elicit 
significant neutralizing Ab responses against primary isolates. 

The low apparent immunogenicity of these neutralizing 
epitopes on the envelope proteins may be circumvented if 
suitable small molecules mimicking them can be generated 
(i.e., molecules that bind tightly to the combining sites of the 
neutralizing MAbs) and then presented in such a form that 
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We previously described a significant sequence homology between HIV-1 gpl20 and the functional sites responsible for the specific binding of snake 
curare-mimetic neurotoxins and rubies virus glycoprotein to the nicotinic acetylcholine receptor. Here we report findings about the existence of 
a mechanism of functional molecular mimicry which could enable the binding of HIV-1 gpl20 to nicotinic acetylcholine receptors in muscle cells 

and neurons. 

Acetylcholine receptor, HIV-1; gpl20; a-Bungarotoxin; Mimicry 



I. INTRODUCTION 

In a previous paper [1] we reported a significant ho- 
mology between the sequence, 164-17 4 [2], of HIV-1 
gp!2Q and the putative active sites of snake curare- 
mimetic neurotoxins and rabies virus (RV) glycopro- 
tein, which specifically bind to the nicotinic ace- 
tylcholine receptor (AChR). Curare-mimetic neurotox- 
ins from Elapid snakes bind with high affinity to AChR 
and competitively block acetylcholine-induced mem- 
brane depolarization [3]. On the other hand the rabies 
virus binds to the muscle nicotinic receptor and this 
binding is inhibited by snake neurotoxins [4]. We con- 
sider the homology of gpl20 with snake neurotoxins 
and RV glycoprotein to be of potential importance for 
HIV-1 infect ivity in that it is centered around a region 
comprising highly conserved snake neurotoxin residues 
probably involved in receptor binding; moreover, in 
rabies virus glycoprotein, the same sequence corre- 
sponds to the site of rabies virus binding to AChR [5,6]. 

We proposed that nicotinic acetylcho li ne receptor s 
can .function as HIV- 1 recepto rs in muscle cells and 
neurones, by virtue of mimicry of receptor-specific ac- 
tive sites ofligands by HIV-1 gpI2Q. A similar mecha- 
nism is already suspected for rabies virus binding to 
muscle cells [6], 

We found that recombinant gpI20 from HIV-1 strain 
IIIB is able to inhibit the binding of the snake neuro- 
toxin, a-bungarotoxin (a-Bgt), to the nicotinic ace- 
tylcholine receptor in the human rhabdomyosarcoma 
cell line, TE671. A 14-amino acid synthetic peptide 
(HO 1 65- 1 78: Asn-Ile-Ser-Thr-Ser-Ile-Arg-Gly-Lys- 
Val-Gln-Lys-Glu-Tyr), reproducing the sequence 165- 
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178 of gpl20, homologous to snake neurotoxins and 
rabies virus glycoprotein, is also able, once conjugated 
to keyhole limpet hemocyanin (KLH), to inhibit the 
binding of a-Bgt to TE67 1 nicotinic acetylcholine recep- 
tor. Further, immunization of mice with the same 
gpl20-derived peptide g ave ri se to antibodies efficiently 
cross-reacting with rabies virus glycoprotefiflnd a-Bgt. 

2. MATERIALS AND METHODS 

2.1. Celt culture 

The human cell line, TE67 1 , was obtained from the American Type 
Culture Collection. Cells were grown to confluence at 37°C in Dul- 
becco's modified Eagle's medium supplemented with 10% hcat-inac- 
tivated fetal cair scrum. 

2.2. todination of a-hungarotoxln 

a-Bgt was obtained from Sigma (St. Louis, MO, USA) and labelled 
with ,2S I as described [7]; specific activity was 2-3 x W cpm/mol. 

2.3. f l *tja-Dgt binding to TE671 cells and inhibition by HIV-1 
gpl20 

For binding experiments, cells were harvested mechanically with a 
rubber policeman and cemrifuged at 450 x g for 15 min; pellets were 
resuspended in phosphate buffered saline (PBS). pH 7.5. to a density 
of 10 7 cells/ml; 10° cells were incubated with 50 //l of serial dilutions 
of HIV-1 gpl20 (IIIB strain, Ncosystem Laboratoirc, Strasbourg, 
France) for 3 h under gentle stirring, 50 pi of ['"l]a-Bgl (10 s cpm) were 
then added and the cells incubated for a further 45 min. Binding was 
stopped by the addition of 1 ml ice-cold PBS containing I mg/ml BSA 
and samples were then centrifuged at 450 x g for 15 min at 4°C The 
cell pellets were washed twice us above and counted in a ^-counter 
(Minimaxi 500, Packard Instruments Co., Downers Grove, 1L). Max- 
imum binding was obtained by replacing inhibitors with assay buffer. 
Non-specific binding was determined in the presence of 7.5 x 10" ft M 
unlabclled a-Bgt. ['- 4 fla-Bgt binding in the presence of 1 m M nicotine 
and of 25 mM acctylcholine/0.25 mM neostigmine was also measured 
for additional controls. 

2.4. Peptide synthesis 

Solid phase synthesis was carried out with a model 450 A automatic 
synthesizer (Applied Biosystems, Foster City, CA) employing F-moc 
chemistry. The peptide sequence was checked by a gas-phase microsc- 
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qucnccr (Model 470A, Applied Biosvsum). HG 165- 178 was conju- 
gated wiih KLH by gluiaraldehydc, about 300 mol of peptide were 
bound per mol of KLH. The conjugated peptide (cHG) was used Tor 
inhibition experiments and Tor immunization of mice. 

2.5. inhibition of f' : >/JoL-Bst binding to TE671 AChHby HG165-178 
KLH conjugated peptide 

5 x I0 5 cells in 100 //l of PBS were incubated wiih 50 n\ of serial 
dilutions of peptides for 2 h. [ ,2i Ila-Bgt ( I0 5 cpm) were then added and 
incubated for 45 mm. The cells were washed and radioactivity counted 
as described above. Maximum binding was determined by replacing 
inhibitors with assay buffer. KLH and an uncorrected 14-amino acid 
peptide conjugated to KLH (SI) were used under the same conditions 
to check non-specific inhibition. 

2.6. Antibodies 

Balb/c mice were .injected intraperitoneaUv with 250 of HG 165- 
178 KLH-conjugated peptide in complete Freund's adjuvant (CFA) 
(day 1). The mice were boosted as-above using incomplete Freund's 
adjuvant at days (|j&nd(j<pAt day\i7J the mice were injected intrave- 
nously with 100 u& conjugate in saline, After 3 days serum from 
immunized animals was collected for the experiments (polyclonal an- 
tibodies). 

2.7. ELISA 

Anti-HG165-I78 mouse antiserum was tested on three different 
antigens. 96- well EIA plates were coaled with HIV- 1 gp!20. RV 
glycoprotein or o-Bgt in 50 mM ammonium carbonate buffer, pH 9.5, 
for 18 h at 4°C. The plates were then washed and quenched with 3% 
bovine scrum albumin, washed again and incubated with serial dilu- 
tions of antiserum for 3 h at 37°C. Binding was detected by horse- 
radish peroxidase-conjugatcd ami-r.ouse IgG. 

3. RESULTS AND DISCUSSION 

A significant homology is present between the se- 
quence, 164-174, of HIV-l gpl20 and the active sites 
responsible for the binding of snake neurotoxins and 
rabies virus glycoprotein to muscle AChR (Fig. 1). 

The human rhabdomyosarcoma cell line, TE671, is 
known to express a muscle-like nicotinic receptor [8]. 
[ ,25 I]a-Bgt binding to the nicotinic receptor in the 
TE671 cell line was measured on intact cells. Non-spe- 
cific binding was checked in the presence of a high 
excess of unlabelled a-Bgt. No binding of [ ,25 i]a-Bgt 
was detected on hepatoma PLC/PRF/5 (data not 
shown), a different human cell line. Gpl20 from the 
HIV-l strain 1IIB was found to inhibit the binding of 
a-Bgt to TE671: 30% of maximum binding {B Q ) was 
measured in the presence of 2 x 10~ 7 M gpl20 (Fig. 2). 
Acetylcholine and nicotine were used under the same 
conditions to specifically inhibit the binding, as already 
described for a-Bgt binding to torpedo AChR [7,9], 
HIV-i gpl20 inhibition of a-Bgt binding indicates a 
•functional equivalence' between these proteins for nico- 



C-D-I-F-T-N-S-R-CH<-ft RY glycoprotein (residues 189-199) 

F-N-I-S-T-S-I-R-G-K-V HIV-l gpl20 (residues 164-174) 

C-D-A-F-C-S-I-R-G-K-R o-cobraioxln (residues 30-40) 

C-D-A-F-C-S-S-R-G-K-V a-bungarotoxin (residues 30-40) 

Fi£. 1. Sequence homology of HIV- 1 gp!20 with rabies virus giycopro* 
tein and snake venom neurotoxins. 
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Fig. 2. [ 123 l]a-Bgt binding lo TE671 AChR in Ihe presence of (ACh) 
2.5 x 10" 2 M aretylcholinc/2.5 x 10~ 4 M neostigmine; (Nic) 10" s M 
nicotine; ( 1 ) 2 x 1 0" 7 M gp 1 20; (2) 1 0" 7 M gp 1 20; (3) 5 x 1 0" M M gp 1 20; 
(4) 2.5 x 10~ B M gp!20. Each point is the mean or duplicate determi- 
nations after subtraction of non -specifically bound radioactivity (0), 
(/?„). Maximum binding (see text). 



tinic receptor binding. To investigate whether the se- 
quence of HIV-l gpl20, homologous to snake neuro- 
toxins and rabies virus glycoprotein, might be involved 
in the binding of gpl20 to AChR, we synthesized a 
14-amino acid peptide (HG 165-78: Asn-Ile-Ser-Thr- 
Ser-Ile-Arg-Gly-Lys-Val-Gln-Lys-Glu-Tyr), reproduc- 
ing the sequence 165-178 of gpl20. Once conjugated to 
KLH this peptide inhibits [ l25 I]a-Bgt binding to intact 
TE671 cells (Fig. 3). About 40% of maximum binding 
was obtained in the presence of 1 .4 x 1Q~ 7 M conjugated 
peptide, but we could not measure any significant inhi- 
bition with the free peptide. 

The effect of the protein earner is not surprising. It 
has been reported in other cases and attributed to the 
stabilization of the peptide active conformation [10]. In 
our case the further ability of gp!20 to inhibit the bind- 
ing of a-Bgt to the nicotinic receptor in TE671 seems to 
indicate that the HG 165-178 active conformation is 
similar to the one this sequence assumes in the native 
protein. Moreover immunization of mice with KLH- 
conjugated HG 165- 1 78 gave rise to an antiserum which 
bound to gpl20 and also recognized rabies virus 
glycoprotein and a-Bgt in ELISA (Fig. 4), confirming 
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Fig. 3. [ ,J3 l]a-Bgi binding to TE67I AChR in the presence of different 
concentrations of the following competing iigands: KLH -conjugated 
HC 165-178 (cHG), KLH, and an uncorrelaled 14-amino acid KLH- 
conjugated peptide (SI). 



the possibility of a structural similarity between the re- 
gions of these proteins having remarkable sequence ho- 
mology. In the light of our results we cannot exclude the 
possibility that inhibition of a-Bgt binding to TE671 
cells by HIV-l gpl20 is due, at least in part, to receptor 
down-regulation following gpl20 binding. 

The existence of an HIV-l receptor alternative to 
CD4 in neurones and muscle cells is strongly suggested 
by evidence of the ability of HIV-l to infect CD4-nega- 
tive muscle and neural cells [1 1,12] and the lack of inhi- 
bition by soluble CD4 of HIV-l infection of muscle and 
neuronal cell lines [13]. Galactosyl ceramide has been 
reported to specifically bind HIV-l gpl20, and has been 
proposed as an essential component of HIV-l receptors 
in neural cell lines and brain cells expressing this or a 
related lipid [14,15]. Our evidence of the binding of 
gp)20 to TE671 nicotinic receptors helps to explain 
HIV-l infection of muscle cell lines, and suggests that 
nicotinic receptors may also bind HIV-l gpl20 in neural 
cells. At least two populations of nicotinic receptors are 
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Fig. 4. Anii*KLH-conjugated HGIG5-178 mouse polyclonal antibod- 
ies tested in ELISA on RVG (+RVG), gpl20 (+gpl20) and a-Bgt 
(+Bgt), compared to equivalent dilution of normal mouse serum 
(-RVG), (-gpl20) and (-Bgt). 



expressed in the nervous system [1 6], one of which is 
labelled by a-Bgt. Moreover some of the cell lines, such 
as RD, TE671 and IMR32, in which a CD4-independ- 
ent infection by HIV-l has been proposed, are known 
to express a-Bgt binding nicotinic receptors [8,17]. 
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fallowed when asKwing the new formulation, following an 
overnight abstinence from other anticholiucrgic drugs, he 
administered 1 spray subtingually (equivalent Co 0.1 ml 
volume). He noted improved pain and strength approxi- 
mately 15 minutes poet administration. Administration of 
either solution throughout the day provided satisfactory 
improvements in strength) endurance and relief from pain 
equivalent to prior therapeutic modalities. These observa- 
tions confirm the importance of the riAchR bindiag proper- 
ties of both formulations. The patient haa employed oral and 
injectable formulation s of the modified neurotoxin fox over 
3 years . El&ctromyograph recordings have indicated that the 
j ate of deterioration associated with the disease has reduced 
significantly, 

BXAMPLB 6 

Human Subject with MS 

[0071] A human volunteer with confirmed MS was admin- 
istered oxidized alpha-cobratoxin in an oral formulation 
comprising 500 mcg/ml of the neurotoxin and 0.007% 
Benzalicnium chloride suspended in 0.9% physiological 
saline. In the absence of anticholinergic therapy the patient 
reported stiffness and pain upon rising and leg pain during 
the day. This combined with reduced endurance and strength 
comprised the symptoms to be followed when assessing the 
new formulation. Following an overnight abstinence from 
other anticholinergic drugs, he administered 1 spray sublin- 
gual^ (equivalent to 0.1 ml volume). He noted improved 
para and strength approximately 15 minutes post adminis- 
tration. Administration of the solution throughout the day 
provided satisfactory improvements in strength, endurance 
and relief from pain equivalent to prim therapeutic modali- 
ties. Following 3 years of use* the patient continues to 
employ this product and reports his disease has stabilised 
and the rates of deterioration has significantly declined. 

EXAMPLE 7 

Human subject with MS 

[0Q72] A human volunteer with confirmed MS was admin- 
istered oxidized alpha-cobratoxin in a parenteral formula- 
tion comprising 500 mcg/rnl of the neurotoxin and 0.001% 
Benzilxnnium chloride suspended in Q9% physiological 
saline. In the absence of anticholinergic therapy uhe patient 
reported stiffness and pain upon rising and leg pain during 
the day. This combined with reduced endurance and strength 
comprised the symptoms to be followed when assessing the 
new formulation. Following an overnight abstinence from 
other anticholinergic drugs, she ajdminfstexed 1 injection 
(equrValcnt to 0.5 ml volume) . She noted improved pain and 
strength approximately 20 minutes post administration. 
Administration of the solution throughout the day provided 
satisfactory improvements in strength, endurance and relief 
from pain equivalent to prior therapeutic modalities. Pol- 
lowing 3 years of use, the patient continues to employ (his 
product and reports her disease has stabilized. 

EXAMPLE 8 

Human Subject with Adrenomyelaneuropathy 
(AMN) 

[0073] A human volunteer with confirmed AMN was 
administered oxidized alpha-cobratoxin in an injectable for- 



mulation comprising 600 mcg/ml of the neurotoxin and 
0,01% Benzalkmhun chloride suspended in 0,9% physi- 
ological saline. In the absence of anticholinergic therapy the 
patient reported reduced strength and poor endurance. This 
combined with reduced endurance and strength comprised 
the symptoms to be followed when assessing new formula- 
tions. Administration of the solution (0.2 cc Li.d.) through- 
out the day provided satisfactory improvements in strength 
and endurance. Measured conduction velocities were 
recorded aB improved over scores recorded prior to the 
initiation of therapy. This data strongly indicates the drugfc) 
are modulating the signals generated by the nerve cells and 
most reasonably through their interaction with nAchRs. The 
patient continues to employ this product and reports disease 
stabilization with treatment over 2 yearB. 

[0074] While the invention haB been described, and dis- 
closed in various terms or certain embodiments or modifi- 
cations which it has assumed in practice, the scope of the 
invention is not intended to be* nor should it be deemed to 
be, limited thereby and such other modifications or embodi- 
ments as may be suggested by the teachings herein arc 
particularly reserved especially as they fall within the 
breadth and scope of the appended claims. 

What is claimed is: 

1. A method of treatment of animals suffering from 
neurological disorders comprising administering to the ani- 
mal a disease mitigating dosage of a detoxified and neuro- 
tropically active modified alpha-neurotosin composhioa 
which targets nicotinic acetylcholine receptors. 

2. The method of claim 1 wherein the detoxified and 
neurotrapically active modified composition comprises a 
fraction containing the alpba-nourotoxins. 

3. The method of claim 1 wherein the alpha-ncurotoxinB 
are selected from the group consisting of alpha-bungaro- 
toxm> kappa-bungarotoxin* alpha-cobratoxin, alpha-cobra- 
toxin, atpha-conctarins (Gl, Ml, SI, SI A, Iml), alpha- 
dendrotcxin and erabutcxin. 

4. The method of claim 1 wherein the alpha-neurotoxin 
composition comprises alpha-cobratoxin, 

5. The method of claim 1 where in humans (he dosage of 
the composition is from about Dj05 to 10 ml based on a UA% 
solution of the modified cobra toxin per 150 lbs body weight, 

6. The method of claim 5 wherein the dosage is from 0,4 
to 3 ml. 

7. The method of claim 5 wherein the dosage is admin- 
istered in a frequency of from every other week to daily, 

6. The method of claim 5 wherein the dosage is admin- 
istered at least weekly. 

9. The method of claim 5 wherein the dosage is admin- 
istered at least daily, 

10. The method of claim 5 wherein composition admin- 
istration methods include by injection (subcutaneous, intra- 
muscular and intravenous), orally, otioally and by intrader- 
mal routes. 

11. The method of claim 1 wherein subject neurological 
condition benefits from improved nerve conduction and 
modulation. 

12. The method of claim 11 wherein the neurological 
condition is selected from the group comprising Amyo- 
trophic Lateral Sclerosis, other spinal atrophies, Multiple 
Sclerosis, Myasthenia Gravis, Muscular Dystrophy, Leu- 
kodystrophies, Anrenomyeloneuropathy and Ataxias, 
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13, A method of vaccinating a subject comprising admin- 
ister ing to the subject a immunogenic amount of a detoxified 
Jind d euro tropically active modified neurotoxin campasttxoD 
with or without the inclusion of an adjuvant 

14, The method of claim 13 wherein oompoertion ad min- 
istration methods include by injection (mibcutaDeouB, intra- 
muscular and intravenous), orally, otically a ad by intrader- 
mal JOUL8& 

15, The method of claim 13 wherein blocking neurotropic 
viruses that employ (he nAchR for cell entry comprises 
administering to a subject an amount of a detoxified and 
neura tropically active modified neurotoxin composition. 

16s The method of claim 15 wherein compaction admin- 
istration methods include by injection (subcutaneous, intra- 



muscular and intravenous), orally, otically and by intradw- 
mal routes, 

17. AcompofihioD comprising an administratis finim of a 
detoxified and neurotropically active modified snake venom 
neurotoxin wherein a Naja venom neurotoxin is alpha- 
cobiatoxin and the composition is atoxic. 

LB. The composition of claim 17, wherein the alpha- 
cobf ataxia can be administered orally whoa combined in a 
solution with ben£fllkanmm chloride, 

LP, The composition according to claim 18, wherein the 
alpha-cobra toxin can be administered oiaHy when combined 
in a solution with benzalknnium chloride at a protein: 
detergent ratio of between 1:6 to 1:8, and preferably 1:7.5- 

« « * « « 
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Whit is daimcd is: 

1. A campoHtinn for preventing HIV mfoction of mam- 
malian cells, the compositxaa comprising an anti-immuno- 
deficiency virus irnrminokmc capable of bidding to i cellular 
protein in i manner Chat prevents HIV infection of the coll. 

2. A composition according to claim 1 wherein the rmmu- 
nodcflcicncy virus is selected from the group consisting of 
HIV-UflV-2«idSIV, 

3. A composition according to claim 1 wherein the rrnrnu- 
nokiae comprise* an inactivated hioactive polypeptide 

4. A compomtion according to claim 3 wherein the inac- 
tivated bioactive polypeptide wmpris«e a town selected 
fiom neurotoxins effecting, the presynaptic neurojunction, 
toxinB affecting postsynaptic ncurqjunctton. and toxins 
affecting ion channels. 

5. A composition BfmMtng to claim 4 wherein the toxin 
comprises ovcobraLoxm. 

6. A composition according to claim 1 wherein the immu- 
nokine is adapted to bind one or more of a cnemakme 
receptor protain, and a cellular cefaclor for a cellular HIV 
receptor protein, 

7. A composition according to claim 6 wherein the protein 
to which the immimnkinc of the invention binds is selected 
from the group consisting of CE4, CXCR4 and OCR5. 
consisting of CD 4 and GXCR4 or CCR5 

B. A composition according to claim 3 wherein the immu- 
nokine provides a substantially native toxin structure 
wherein one or more of the disulfide bridges are lacking by 
a method selected from the ozonation of native toxic, 
genetic engineering and protein synthesis. 

9, A composition according to cJahn 6 wherein ozonation 
is performed in a stoichiometric manner, 

10. A composition according to claim 9 wherein the 
iramun clone comprises inactivated alpha-cobratoxin in 
which the disulfide bridges are substantially lacking by 
ozonation of native alpha •cobratoxin, 



(^LlyA method of inhibiting infection af b cell by HIV 
ccropdgffl^ddmg Co the cell an anti-rmmuncricficiency 
vnnisQmmunDlcin^apable of binding to a cellular protein on 
the cell, wKrem upon binding of the ixnmunokine to the 
cellular protein infection of the cell by HJV te inhibited. 
(Tl^A method of treating HIV infection in a human 
comprising administering to the human an anti-immunode- 
ficiency virus immuookine capable of binding to a cellular 
protein on a cell, wherein upon binding of the immuaokine 
to the cellular protein, infection of the cell by HIV xb 
inhibited. 

13. A method of preparing an and- immunodeficiency 
viruB immunokine capable of binding to a cellular protein on 
a cell) the method comprising the chemical) poetic and 
synthetic modification of native neurotoxins. 

14. A method of identifying a target cell for immunode- 
ficiency vims infection, the method comprising adding to a 
population of cells an anti-Immunodeficiency virus immu- 
nokme capable of binding to a cellular protein on a cell) 
wherein binding of the immunokine to a cell in the popu- 
lation is an indication that the cell is an humunodeficicacy 
virus target cell, 

15. A method of iocntifying a candidate anti-immunode- 
ficiency virus compound, the method comprising isolating a 
test compound capable of binding to an anti-immunodefl- 
ciertcy virus immunokine, which immunokine binds to a 
cellular protein) and assessing the ability of the test com- 
pound to inhibit infection of a cell by an immunodeficiency 
virus in an antiviral assay, wherein inhibition of infection of 
the cell by the irnrnunodeficiency virus in the presence of (he 
test compound is an indication that the test compound is an 
anti-immunodeficiency virus compound. 

n * * * ¥ 
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Abstract Paragraph - ABTX (1): 

A composition and method for preventing HIV infection of mammalian cells. One aspect of the 
invention relates to an anti-immunodeficiency virus immunokine capable of binding to a cellular 
protein in a manner that prevents HIV infection of that cell. The compositions can include either an 
active bioactive polypeptide, such as native cobratoxin, and/or an inactivated bioactive 
polypeptide, such as cobratoxin in which one or more of the native disulfide bridges have been 
prevented from forming. The term " immunokine " is used to refer to an inactivated bioactive 
polypeptide, whether inactivated by chemical, genetic, and/or synthetic means as described 
herein, with the proviso that a corresponding active bioactive polypeptides can be included where 
applicable (e.g., for in vitro use). 

Pre-Grant Publication (PGPub) Document Number - PGNR (1): 

20030211465 
Title -TTL (1): 

Immunokine composition and method 

Summary of Invention Paragraph - BSTX (21): 

[0019] The present invention provides a composition and method for preventing HIV infection of 
mammalian cells. One aspect of the invention relates to an anti-immunodeficiency virus 
immunokine capable of binding to a cellular protein in a manner that prevents HIV infection of 
that cell. In another aspect, the immunodeficiency virus is selected from the group consisting of 
HIV-l,HIV-2 and SIV. In another aspect, the invention relates to the identification of a biologic 
anticholinergic agent capable of binding to a cellular protein in a manner that prevents HIV 
infection of that cell. In yet another aspect the invention relates to an anti-immunodeficiency virus 
immunokine derived from a biologic anticholinergic agent which can be administered in vivo for 
the treatment of HIV infection. The immunodeficiency virus can be selected from the group 
consisting of Lentiviruses (HIV-1, HIV-2, SIV, EIAV, BIV, FIV and FeLV). 

Summary of Invention Paragraph - BSTX (22): 

[0020] Compositions of this invention can include either an "active bioactive polypeptide", such 
as native cobratoxin, and/or an "inactivated bioactive polypeptide", such as cobratoxin in which 
one or more of the native disulfide bridges have been prevented from forming. While not presently 
preferred for in vivo applications, it appears that the active polypeptides exhibit the desired 
antiviral activity, and in turn, can be used for in vitro (e.g., diagnostic) applications. The term 
" immunokine " will generally be used to refer to an inactivated bioactive polypeptide, whether 
inactivated by chemical, genetic, and/or synthetic means as described herein, with the proviso that 
a corresponding active bioactive polypeptides can be included where applicable (e.g., for in vitro 
use). 

Summary f Inventi n Paragraph - BSTX (24): 
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[0022] Proteins such as those from venoms, as described herein, have long been recognized for 
their ability to bind to specific receptors on the surface of human cells. These neurospecific 
proteins bind to such common receptors as the acetylcholine receptor for example. Significantly 
less well known than the interactions between venom proteins and human cells is the ability of 
these venoms to cause cells to migrate toward or in response to the venom proteins. This cellular 
activity is called chemotaxis and, until the characterization of these venom proteins by the present 
Applicants, this property has only been attributed to compounds called chemokines produced in 
immune cells. For these reasons, we will heretofore refer to our venom proteins as 
" immunokines " . 

Summary of Invention Paragraph - BSTX (25): 

[0023] In yet another aspect of the invention, the protein to which the immunokine of the 
invention binds is one or more of a chemokine receptor protein, preferably, an HIV receptor 
protein and/or a cellular cofactor for a cellular HIV receptor protein. More preferably, the protein to 
which the immunokine of the invention binds is selected from the group consisting of CD4, 
CXCR4 and CCR5; and most preferably, the protein to which the immunokine binds is 
CD4/CXCR4 and/or CD4/CCR % complexes. 

Summary of Invention Paragraph - BSTX (26): 

[0024] In another aspect of the invention, the immunokine is most preferably selected from 
the group consisting of post-synaptic alpha-neurotoxins (Group II) and anticholinergic peptides. 

Summary of Invention Paragraph - BSTX (27): 

[0025] The invention also relates to an isolated DNA encoding an immunokine capable of 
binding to a cellular protein in the manner described herein. 

Summary of Invention Paragraph - BSTX (28): 

[0026] The invention also relates to a method of inhibiting infection of a cell by HIV comprising 
adding to the cell an anti-immunodeficiency virus immunokine capable of binding to a cellular 
protein on the cell, wherein upon binding of the immunokine to the cellular protein infection of 
the cell by HIV is inhibited. 

Summary of Invention Paragraph - BSTX (29): 

[0027] Also included in the invention is a method of treating HIV infection in a human 
comprising administering to the human an anti-immunodeficiency virus immunokine capable of 
binding to a cellular protein on a cell, wherein upon binding of the immunokine to the cellular 
protein, infection of the cell by HIV is inhibited, thereby treating the HIV infection in the human. 

Summary of Invention Paragraph - BSTX (30): 

[0028] The invention further includes a method of obtaining an anti-immunodeficiency virus 
immunokine capable of binding to a cellular protein on a cell, in one embodiment the method 
comprising an oxidative process for the chemical production of immunokine by combining ozone 
with the protein of interest, e.g., a native or synthetic neurotoxin. 

Summary f Inventi n Paragraph - BSTX (31): 
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[0029] Also included in the invention is a method of identifying a target cell for 
immunodeficiency virus infection, the method comprising adding to a population of cells native or 
synthetic active bioactive polypeptide (e.g., alpha-cobratoxin) or an anti-immunodeficiency virus 
immunokine capable of binding to a cellular protein on a cell, wherein binding of the 
immunokine to a cell in the population is an indication that the cell is an immunodeficiency virus 
target cell. 

Summary of Invention Paragraph - BSTX (32): 

[0030] In addition, there is provided a method of identifying a candidate anti-immunodeficiency 
virus compound. This method comprises isolating a test compound capable of binding to an active 
bioactive polypeptide such as alpha-cobratoxin or an anti-immunodeficiency virus immunokine, 
which immunokine binds to a cellular protein, and assessing the ability of the test compound to 
inhibit infection of a cell by an immunodeficiency virus in an antiviral assay, wherein inhibition of 
infection of the cell by the immunodeficiency virus in the presence of the test compound is an 
indication that the test compound is an anti-immunodeficiency virus compound. 

Summary of Invention Paragraph - BSTX (34): 

[0031] In one preferred embodiment, the invention relates to an antiviral, anticholinergic protein 
and immunokine which binds to one or more cellular proteins essential for entry of a virus into a 
cell expressing that protein The immunokine of the invention is an antiviral immunokine in that 
it is an immunokine which binds to one or more cellular proteins that are essential for virus 
entry into the cell in which the cellular protein is expressed. By binding to the cellular protein, the 
immunokine of the invention inhibits entry of the virus into the cell and is therefore termed an 
antiviral immunokine despite the fact that it does not bind to a viral protein, but rather, binds to 
a cellular protein. The invention further relates to an antiviral immunokine which binds to one or 
more cellular proteins essential for entry of a virus into a cell expressing that protein. 

Summary of Invention Paragraph - BSTX (35): 

[0032] The virus against which the antiviral immunokine is directed is an immunodeficiency 
virus, that is, a virus which causes an immunodeficiency disease. Thus, the immunokine of the 
invention is termed an anti-immunodeficiency virus immunokine . Such immunodeficiency virus 
should be construed to include any strain of HIV or SIV, as well as other lentiviruses (FIV, FeLV, 
BIV, and EIAV). 

Summary of Invention Paragraph - BSTX (37): 

[0034] Without intending to be bound by theory, it appears that both native alpha-cobratoxin 
and an immunokine of the invention are each capable of binding to a cellular protein required to 
form a functional cellular receptor for entry of HIV into a cell. In one preferred embodiment, the 
immunokine of the invention is an immunokine which binds to a cellular receptor and/or to a 
cellular co-factor required for entry of HIV into a cell. A "cellular co-factor" as used herein, is 
defined as a protein which is required, in association with a cellular receptor for HIV, for entry of 
HIV into cells. 

Summary of Invention Paragraph - BSTX (38): 

[0035] According to the invention, the polypeptides (e.g., native or immunokine ) of the 
invention is useful in a method of inhibiting infection of a cell by HIV as described herein. 
Moreover, the immunokine of the invention is useful in a method of screening compounds for 
anti-HIV activity as described herein. Additional uses for alpha-cobratoxin or an immunokine of 
the invention include the identification of cells in the body which are potential targets for viral 
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infection. The immunokine is thus also useful for the isolation of such cells using flow cytometry 
technology or other cellular isolation techniques which are common in the art. The invention also 
relates to methods of use of the immunokine of the invention, which methods include diagnostic 
and therapeutic uses. 

Summary f Inventi n Paragraph - BSTX (39): 

[0036] By "antiviral activity" as used herein, is meant an immunokine which when added to an 
immunodeficiency virus or to a cell to be infected with such a virus, mediates a reduction in the 
ability of the virus to infect and/or replicate in the cell compared with the ability of virus to infect 
and/or replicate in the cell in the absence of the immunokine . Examples of assays for antiviral 
activity are described in detail in the experimental detail section and include, but are not limited 
to, reverse transcriptase assays, immunofluorescence assays, assays for formation of syncytia, 
antigen capture assays and the like. 

Summary of Invention Paragraph - BSTX (40): 

[0037] Immunokine Preparation 

Summary of Invention Paragraph - BSTX (41): 

[0038] A composition of this invention can be prepared in any suitable manner. For instance, 
native cobratoxin can be obtained and used in its native (e.g., unmodified) form, and is shown to 
inhibit HIV infection of cells (PMNC) with a similar efficacy to the corresponding alphas 
immunokine described herein. Toxins themselves can be chemically modified (e.g., using ozone, 
performic acid, iodoacetamide etc.), and other cobratoxin homologues (see Group II) can be 
prepared. Toxin modifications include site-directed mutants (mono and poly-substituted mutants 
such as tryptophan, tyrosine, lysine and arginine), chimeras and other homologous peptide 
fragments produced from the parent protein through genetic engineering or synthetic peptide 
production. 

Summary of Invention Paragraph - BSTX (42): 

[0039] An inactivated bioactive polypeptide (e.g., immunokine ) of this invention can be 
prepared using any suitable means. As described herein, the immunokine can be chemically 
produced in an oxidative process in combination with the protein of interest, e.g., a neurotoxin. 
The use of ozone treatment to prepare the immunokine is particularly preferred, e.g., in view of 
the simplicity of manufacture, the modest facility requirements and self sterilizing nature of the 
production procedure. Under controlled conditions, ozone specifically modifies certain amino-acids 
such as methionine, cysteine and tryptophan to methionine sulphone, cysteic acid and kynurenine 
respectively. Cobratoxin has no methionine, ten (10) cysteine and one (1) tryptophan residues. 

Summary of Invention Paragraph - BSTX (43): 

[0040] Other procedures can be used as well, though these with each such procedure providing 
a product that varies in its relative potencies when compared to immunokine produced with 
ozone. Those procedures include the use of hydrogen peroxide, performic acid, 
carboxyamidomethylation, iodoacetamide, iodoacetic acid and Oxone (Caro's Acid) but includes 
any chemical agent that acts as an oxidizer or alkylator that can render proteins like cobratoxin 
atoxic and suitable for administration to a host. The circumstances where a difference procedure 
would be employed would be if the resultant product demonstrated better therapeutic activity in 
other applications, for example superior immuno-modulatory, anti-tumor or anti-viral activity, but 
they emphasize the importance of breaking the disulphide bonds with a concomitant 
conformational reorganization similar to that during disulphide oxidation. The requirement for 



3/21/05, EAST Version: 2.0.1.4 



scission of all the disulphide bonds for optimal function has not yet been fully investigated but 
sufficient bonds must be broken to render a protein like alpha-cobratoxin safe for administration to 
a host. 

Summary f Inventi n Paragraph - BSTX (49): 

[0046] In one aspect, the present invention provides a method of preparing a parenteral 
composition comprising an immunokine (e.g., an immunokine ), the method comprising the 
steps of: 

Summary of Invention Paragraph - BSTX (54): 

[0051] In another aspect, the invention provides a composition comprising an immunokine that 
has been rendered inactive by virtue of the failure to form one or more of its disulfide bridges. In a 
related aspect, the invention provides a composition for in vivo administration comprising a 
bioactive immunokine that has been inactivated in the manner described herein. 

Summary of Invention Paragraph - BSTX (55): 

[0052] The method can be used to prepare immunokines from, or based upon, a variety of 
natural compounds, including "Group I neurotoxins" (namely, toxins affecting the presynaptic 
neurojunction), Group II neurotoxins (namely those affecting the postsynaptic neurojunction), and 
Group III neurotoxins (those affecting ion channels). cDNA sequences for such polypeptides are 
generally known, or can be determined using conventional techniques. 

Summary of Invention Paragraph - BSTX (58): 

[0055] Preferably, the cDNA is expressed using a microbial expression system, such as 
Escherichia coli, Saccharomyces cerevisiae and Pichia pastoris. From a safety and environmental 
perspective it is preferable that the cDNA is expressed in a microbial expression system under 
conditions in which the product is cytoplasmically produced, as opposed to extracellularly secreted. 
In an exemplary embodiment, the immunokine is expressed using a microbial expression system, 
under conditions in which the leader sequence of naturally-occurring cDNA is removed and 
replaced with only the initiation codon. 

Summary of Invention Paragraph - BSTX (59): 

[0056] Immunokines of the present invention are generally stable under suitable conditions of 
storage and use in which the disulfide bonds are prevented from spontaneously reforming, or are 
allowed to reform in a manner that precludes the undesirable activity of the immunokine . 
Optionally, and preferably, once the inactive polypeptide has been recovered, it is treated by 
suitable means to ensure that the cysteine residues do not spontaneously reform to form disulfide 
bridges. An example of a preferred treatment means is the use of ozone treatment as described 
herein. 

Summary of Invention Paragraph - BSTX (60): 

[0057] In another optional, and alternative, embodiment a immunokine such as neurotoxin is 
produced in an inactive form using the Pichia expression system described herein. To the best of 
Applicants knowledge, the prior art fails to teach or suggest the preparation of a toxin in inactive 
form by the route of cytoplasmic expression in yeast. 

Summary of Inventi n Paragraph - BSTX (61): 
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[0058] The method and composition of the present invention provide a unique and valuable tool 
for the synthesis and recovery of bioactive immunokines in a manner capable of diminishing 
undesirable activity, yet retaining other useful properties of the immunokine (such as 
immunogenicity and antiviral activity). 

Summary f Inventi n Paragraph - BSTX (67): 

[0064] The method of the present invention involves an initial step of identifying a bioactive 
immunokine having a tertiary structure in which bioactivity is dependent, at least in part, on the 
formation of one or more disulfide bridges between cysteine residues. Typically, the immunokine 
will be one that is naturally secreted in the course of its synthesis, since it is the secretion process 
that will provide the necessary posttranslational steps, including disulfide bond formation. 
Preferably, the immunokine is one that is stable when recovered and that retains other desirable 
properties in the unfolded state, such as immunogenicity and/or antiviral, anti-tumor or wound 
healing activity. 

Summary of Invention Paragraph - BSTX (68): 

[0065] The amino acid sequence and tertiary structure of a number of bioactive polypeptides is 
known. Suitable immunokines include those in which one or more disulfide bridges are known to 
form in the natural configuration, and in which such bridge(s) are necessary for the bioactivity of 
the immunokine . Such bridges can be of either an intramolecular (i.e., within a single 
polypeptide) nature and/or an intermolecular (e.g., between discrete subunits) nature. 

Summary of Invention Paragraph - BSTX (72): 

[0069] Immunokine components from animal venoms, for instance, can be obtained from the 
animals themselves or from other sources, or they can be created in the laboratory using 
conventional protein engineering techniques. In the former approach, animals are induced by 
mechanical or electrical stimuli to release venom from their glands, which travels through a venom 
canal and out the fang or stinger. The venom is collected and various constituents of the venom 
are purified by conventional chromatographic techniques. 

Summary of Invention Paragraph - BSTX (73): 

[0070] In the latter approach, constituents from the venom are synthesized by cloning the genes 
encoding the various immunokine elements and expressing these genes in heterologous host 
systems such as bacteria, yeast or higher eucaryotic cell lines. Yeast expression systems are 
presently preferred, since they tend to provide an optimal combination of such properties as yield 
and adaptability to human use products. 

Summary of Invention Paragraph - BSTX (78): 

[0075] Optionally, and preferably, the method provides a further step of treating the 
immunokines in order to retain the cysteine residues and prevent the spontaneous formation of 
disulfide bonds. A preferred treatment includes ozone treatment, in the manner described herein. 
Ozonation affects the cysteine residues by converting the pendent sulfhydryl (-- SH) groups to 
corresponding --S03X groups, which, unlike the sulfhydryl groups, are unable to form a disulfide 
bridge. Such treatment is not necessary, however, for those inactivate polypeptides that are found 
to not spontaneously reform, and that provide the desired activity. Ozonation is preferred for 
polypeptides such as neurotoxins, where Applicant has shown that upon cleavage and ozonation of 
the sulfhydryl groups, native neurotoxins are both stable and active. 

Summary f Inventi n Paragraph - BSTX (81): 
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[0078] Poplypeptides such as the preferred neurotoxins and immunokines can be prepared 
using genetic engineering techniques within the skill of those in the art, given the present 
desription. See, for instance, (Fiordalisi et al., (1996) Toxicon 34, 2, 213-224, Krajewski et al 
(1999) "Recombinant ml-toxin" presented at the 29.sup.th Annual Meeting of the Society for 
Neuroscience) and (Smith et al., (1997) Biochemistry, 36, no. 25, 7690-7996. As the native 
cobratoxin gene is available, a number of bioengineered variants can be prepared which replace 
the residues required for disulphide bond formation with other residues. As these amino acid 
substitutions must be expressed in vivo, the availability of modifications are typically limited to the 
use of native residues (the standard 20 naturally occurring amino acids) and the host to be 
employed for expression. In the host, the codon usage will be important in ensuring efficient and 
maximal expression of the novel protein. Theoretically any amino acid can be substituted for 
cysteine but as this is a more costly approach to generating immunokine variants relative to 
synthetic peptide techniques certain residues have been selected which best reproduce the protein 
characteristics resulting from chemical exposure. 

Summary of Invention Paragraph - BSTX (83): 

[0080] Cleavage of the native cobratoxin and immunokine protein can be achieved with serine 
proteases (i.e. trypsin) but at sites containing positive residues. This permits also the evaluation 
and production of smaller peptide fragments for biological activity. The conversion of cysteine to 
cysteic acid also permits the substitution by other acidic residues such as E, D, Q, N and S. The 
substitution of E and D for cysteine is estimated to produce a protein with a pi similar to that of 
alpha -immunokine (pl=4.5). The substitution of cysteine with the residues glycine and alanine 
would represent standard "neutral" substitutions. A suitable method for creating these genes has 
been described previously (Smith et al., (1997)). The codon usage of the DNA fragments is 
optimized for use in commercially used bacterial and yeast expression systems Escherichia coli and 
Pichia pastoris respectively. 

Summary of Invention Paragraph - BSTX (84): 

[0081] Given the advances in technology in cloning DNA encoding proteins comprising 
antibodies, the invention also includes DNA which encodes the immunokine of the invention, or a 
portion of such immunokine . The nucleic acid encoding the immunokine may be cloned and 
sequenced using technology which is available in the art, and is described, for example, in Wright 
et al. (1992, Critical Rev. in Immunol. 12(3,4): 125-168) and the references cited therein. Further, 
the immunokine of the invention may be "humanized" using the technology described in Wright 
et al., (supra) and in the references cited therein. 

Summary of Invention Paragraph - BSTX (85): 

[0082] For example, to generate a phage immunokine library, a cDNA library is first obtained 
from mRNA which is isolated from cells, e.g., the hybridoma, which express the desired protein to 
be expressed on the phage surface, e.g., the desired immunokine . cDNA copies of the mRNA are 
produced using reverse transcriptase. cDNA which specifies immunoglobulin fragments are 
obtained by PCR and the resulting DNA is cloned into a suitable bacteriophage vector to generate a 
bacteriophage DNA library comprising DNA specifying immunoglobulin genes. The procedures for 
making a bacteriophage library comprising heterologous DNA are well known in the art and are 
described, for example, in Sambrook et al. (1989, Molecular Cloning: A Laboratory Manual, Cold 
Spring Harbor, N.Y.). 

Summary of Invention Paragraph - BSTX (86): 

[0083] Bacteriophage which encode the desired immunokine, e.g., an immunokine, may be 
engineered such that the protein is displayed on the surface thereof in such a manner that it is 
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available for binding to its corresponding binding protein, e.g., the antigen against which the 
immunokine is directed. Thus, when bacteriophage which express a specific immunokine are 
incubated in the presence of a cell which expresses the corresponding antigen, the bacteriophage 
will bind to the cell. Bacteriophage which do not express the immunokine will not bind to the cell. 
Such panning techniques are well known in the art and are described for example, in Wright et al., 
(supra). 

Summary of Invention Paragraph - BSTX (87): 

[0084] By the term "synthetic immunokine " as used herein, is meant an immunokine which is 
generated using recombinant DNA technology, such as, for example, an immunokine expressed 
by a bacteriophage as described herein. The term should also be construed to mean an 
immunokine which has been generated by the synthesis of a DNA molecule encoding the 
immunokine and which DNA molecule expresses an immunokine protein, or an amino acid 
sequence specifying the immunokine, wherein the DNA or amino acid sequence has been 
obtained using synthetic DNA or amino acid sequence technology which is available and well 
known in the art. 

Summary of Invention Paragraph - BSTX (88): 

[0085] The invention thus includes a DNA encoding the immunokine of the invention or a 
portion of the immunokine of the invention. To isolate DNA encoding an immunokine. for 
example, DNA is extracted from immunokine expressing phage obtained according to the 
methods of the invention. Such extraction techniques are well known in the art and are described, 
for example, in Sambrook et al. (supra). 

Summary of Invention Paragraph - BSTX (92): 

[0089] To obtain a substantially pure preparation of a protein comprising, for example, an 
immunokine, generated using the methods of the invention, the protein may be extracted from 
the surface of the phage on which it is expressed. The procedures for such extraction are well 
known to those in the art of protein purification. Alternatively, a substantially pure preparation of a 
protein comprising, for example, an immunokine, may be obtained by cloning an isolated DNA 
encoding the immunokine into an expression vector and expressing the protein therefrom. 
Protein so expressed may be obtained using ordinary protein purification procedures well known in 
the art. 

Summary of Invention Paragraph - BSTX (94): 

[0091] Current techniques in peptide chemistry allow for proteins in excess of 80 amino acids 
can be reliably produced using automated Fmoc solid phase synthesis (ABI 433A Peptide 
Synthesizer, Perkin Elmer— see www.perkin-elmer.com). Non-native amino acids (acetamidomethyl 
cysteine, carboxyamidomethyl cysteine, cysteic acid, kynurenine and methionine sulphone) are 
acquired from Advanced Chemtech (Louisville, Ky.) or Quchem (Belfast, Ireland). Other oxidized or 
alkylated amino acid variants are available from these agents. The generation of alpha; 
immunokine is achieved by substituting primarily the cysteine residues (from 1 pair to all 5 
disulphide couples) with those residues described above to mimic the effects of ozone and other 
chemical modifications. Furthermore the substitution of other native and non-native residues for 
cysteine can be investigated in an attempt to identify immunokine variants with improved 
biological activity. Also peptide fragments from within the cobratoxin sequence can be created 
(analogous to Hinmann et al., (1999), Immunoparmacol. Immunotoxicol, 21 (3), 483-506) and 
examined for receptor binding activity. 

Summary f Inventi n Paragraph - BSTX (95): 
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[0092] Inactivated bioactive polypeptides of this invention can be formulated and delivered in 
any suitable manner. For instance, for use in treating existing HIV infections, an immunokine will 
typically be provided in a substantially pure and sterile form, and in a vehicle adapted for delivery. 
As used herein, the term "substantially pure" describes a compound, e.g., a protein or polypeptide 
which has been separated from components which naturally accompany it. Typically, a compound 
is substantially pure when at least 10%, more preferably at least 20%, more preferably at least 
50%, more preferably at least 60%, more preferably at least 75%, more preferably at least 90%, 
and most preferably at least 99% of the total material (by volume, by wet or dry weight, or by 
mole percent or mole fraction) in a sample is the compound of interest. Purity can be measured by 
any appropriate method, e.g., in the case of polypeptides by column chromatography, gel 
electrophoresis or HPLC analysis. A compound, e.g., a protein, is also substantially purified when it 
is essentially free of naturally associated components or when it is separated from the native 
contaminants which accompany it in its natural state. 

Summary of Invention Paragraph - BSTX (96): 

[0093] To inhibit infection of cells by HIV in vitro, cells are treated with the immunokine of the 
invention, or a derivative thereof, either prior to or concurrently with the addition of virus. 
Inhibition of infection of the cells by the immunokine of the invention is assessed by measuring 
the replication of virus in the cells, by identifying the presence of viral nucleic acids and/or proteins 
in the cells, for example, by performing PCR, Southern, Northern or Western blotting analyses, 
reverse transcriptase (RT) assays, or by immunofluorescence or other viral protein detection 
procedures. The amount of immunokine and virus to be added to the cells will be apparent to one 
skilled in the art from the teaching provided herein. 

Summary of Invention Paragraph - BSTX (97): 

[0094] To inhibit infection of cells by HIV in vivo, the immunokine of the invention, or a 
derivative thereof, is administered to a human subject who is either at risk of acquiring HIV 
infection, or who is already infected with HIV. Prior to administration, the immunokine, or a 
derivative thereof, is suspended in a pharmaceutically acceptable formulation such as a saline 
solution or other physiologically acceptable solution which is suitable for the chosen route of 
administration and which will be readily apparent to those skilled in the art of immunokine 
preparation and administration. The dose of immunokine to be used may vary dependent upon 
any number of factors including the age of the individual, the route of administration and the 
extent of HIV infection in the individual. The immunokine is prepared for administration by being 
suspended or dissolved in a pharmaceutically acceptable carrier such as saline, salts solution or 
other formulations apparent to those skilled in such administration. 

Summary of Invention Paragraph - BSTX (98): 

[0095] Typically, the immunokine is administered in a range of 0.1 microgram to 1 g of protein 
per dose. Approximately 1-10 doses are administered to the individual at intervals ranging from 
once per day to once every few years. The immunokine may be administered by any number of 
routes including, but not limited to, subcutaneous, intramuscular, oral, intravenous, intradermal, 
intranasal or intravaginal routes of administration. The immunokine of the invention may be 
administered to the patient in a sustained release formulation using a biodegradable biocompatible 
polymer, or by on-site delivery using micelles, gels and liposomes, or rectally (e.g., by suppository 
or enema). The appropriate pharmaceutically acceptable carrier will be evident to those skilled in 
the art and will depend in large part upon the route of administration. 

Summary of Inventi n Paragraph - BSTX (99): 
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[0096] The immunokine (including the corresponding active bioactive polypeptide) of the 
invention may also be used in a method of screening compounds for anti-HIV activity. A test 
compound is first screened for the ability to bind to the immunokine of the invention. Compounds 
which bind to the immunokine are likely to share structural and perhaps biological activities with 
CXCR4 and thus, may serve as competitive inhibitors for inhibition of the interaction of HIV 
envelope protein with CD4 and/or CXCR4 plus CD4. An immunokine -bindina compound is further 
tested for antiviral activity by treating cells with the compound either prior to or concurrently with 
the addition of virus to the cells. Alternatively, the virus and the compound may be mixed together 
prior to the addition of the mixture to the cells. The ability of the compound to affect virus 
infection is assessed by measuring virus replication in the cells using any one of the known 
techniques, such as a RT assay, immunofluorescence assays and other assays known in the art 
useful for detection of viral proteins or nucleic acids in cells. Generation of newly replicated virus 
may also be measured using known virus assays such as those which are described herein. 

Summary of Invention Paragraph - BSTX (100): 

[0097] The immunokine of the invention may also be used in competition assays to screen for 
compounds that bind to CXCR4 and which therefore prevent binding of the immunokine to 
CXCR4. Such compounds, once identified, may be examined further to determine whether or not 
they prevent entry of virus into cells. Compounds which prevent entry of virus into cells are useful 
as anti-viral compounds. 

Summary of Invention Paragraph - BSTX (101): 

[0098] Additional uses for the immunokine of the invention include the identification of cells in 
the body which are potential targets for infection by an immunodeficiency virus. 

Summary of Invention Paragraph - BSTX (103): 

[0100] Cells which are potential targets for HIV infection may be identified by virtue of the 
presence of CXCR4 on their surface. The immunokine of the invention facilitates identification of 
these cells as follows: The immunokine of the invention is first combined with an identifiable 
marker, such as an immunofluorescent or radioactive marker. Cells which are obtained from a 
human subject are then reacted with the tagged immunokine . Binding of the immunokine to 
cells is an indication that such cells are potential targets for HIV infection. The identification of cells 
which may be infected with HIV is important for the design of therapies for the prevention of HIV 
infection. For example, CXCR4 is differentially expressed and regulated on human T lymphocytes 
(Bleul et al., 1997, Proc. Natl. Acad. Sci. USA 94:1925-1930). Further, reactivity of immune cells 
to MAb 12G5 is high on naive cells and low on memory cells and thus, the pattern of expression of 
CXCR4 and its utilization by viruses may contribute to immune dysfunction. CXCR4 has also been 
detected, using the immunokine of the invention, on some endothelial cells (in atherosclerotic 
plaques), platelets and some hematopoietic precursor cells. In the case of individuals who are 
infected with HIV, the identification of target cells provides an immune profile of these individuals 
which provides useful information regarding the progress of their infection. 

Summary of Invention Paragraph - BSTX (104): 

[0101] In addition to the aforementioned uses for the immunokine of the invention, the 
immunokine is useful for the detection of CXCR4 on a variety of cell types on which CXCR4 may 
be expressed. For example, CXCR4 is expressed on human neurons (Hesselgesser et al., 1997, 
Current Biology 7:112-121), including cells in the human brain. 

Detail Descripti n Paragraph - DETX (84): 
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Immunokine Production 



Detail Descripti n Paragraph - DETX (85): 

[0168] A preferred process for the production of an immunokine of this invention is outlined 
below. Alpha -immunokine -NNS ( immunokine ) is a protein derived from alpha-cobratoxin. 
Cobratoxin (CTX) has a molecular weight of 7821 and is composed of 71 amino acids. The native 
protein is purified from the venom of the Thailand cobra, Naja naja siamensis. Alpha-cobratoxin 
from the Thailand cobra (Naja naja siamensis) was purchased from Biotoxins, Kississimi, Fla. The 
published amino-acid sequence for cobratoxin employing single letter code is: 

Detail Description Paragraph - DETX (87): 

[0170] The procedure below describes the dissolution of ozone into saline (0.9%) and its 
addition to cobratoxin to form immunokine . The reaction is rapid being completed in minutes. In 
order to create a more homogeneous product consistently the procedure described below was 
developed whereby an ozone-saturated fluid is added directly to a solution of cobratoxin. It is 
expected that greater reproducibility can be achieved with this method. The critical point of the 
reaction centers on adding sufficient ozone to ensure that no native cobratoxin remains. When the 
reaction is deemed complete several parameters can be measured to be suggestive of successful 
preparation. The reaction can be conducted at ambient temperatures but the concentration of the 
final product is limited to below 350 mg/ml. This arises because of the limitations placed on 
dissolving ozone in saline at these temperatures. 

Detail Description Paragraph - DETX (119): 

[0201] An immunokine solution prepared in this manner had an acidic pH and a pi of 
approximately 4.5. Cobratoxin solutions are basic having pH of 8.5. In solution, the drug migrates 
through molecular sieving gels as monomers, dimers and tetramers. Cobratoxin migrates under 
these conditions as a monomer. Upon analysis on NuPAGE (Novex) SDS polyacrylamide gel 
electrophoresis (PAGE) the cobratoxin migrates as a 14 Kd and 8 Kd protein with a reference to 
comparable proteins under unreduced and reduced conditions respectively. Immunokine migrates 
under reduced and unreduced conditions without change. A single protein band is not obtained 
showing a diffuse smear from the loading gel down to a molecular weight equivalent to 8 Kd. 
Additionally, the protein is resistant to staining with standard coomassie dyes. By ion exchange, 
cobratoxin and immunokine have generally opposite properties consistent with the proteins' 
charges. Specialized ion-exchange chromatographic resins and conditions can be employed to 
confirm the retention of positive charges which are considered critical for neuroactive properties. 

Detail Description Paragraph - DETX (120): 

[0202] As defined by mass spectrometry the average molecular weight of immunokine is 
7,933. 3. +.30 daltons (determined from 7 lots, 5 consecutive assays each) with a molecular weight 
range of 7,600 to 8,400 daltons. This molecular weight variance is expected by the nature of the 
reaction and ozone. As indicated above excessive ozone application can fragment the protein and 
insufficient levels do not modify enough amino-acid residues to render the neurotoxin atoxic. The 
calculated average molecular suggests the addition of 6 oxygen residues with higher molecular 
weights having correspondingly more. Smaller than expected molecular weights suggest protein 
fragmentation. Current analytical techniques allow for limited structural identification of the 
number and location of oxygen residues being added to the protein and rely heavily on previously 
published information and current chemical theory. Amino acid analyzers do not recognize 
unnatural amino acids and have limited capabilities for this application. 

Detail Description Paragraph - DETX (136): 
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[0214] A TCID.sub.50 of: 1000 for HIV-l.sub.Bal (CCR5-using) and 10,000 for HIV-l.sub.Lai 
CXCR4-using) was used to infect 10. sup. 7 PHA-stimulated peripheral blood mononuclear cells in 24 
well microtiter plates. The concentrations of recombinant, ultrapure immunokine used were 1- 
1000 .mu.g/mL. All strains were tested in quadruplicate wells in three separate experiments. To 
correlate the replication endpoint concentration with a formal percent inhibitory concentration, we 
obtained that absolute p24 antigen content for each drug concentration. The concentration of drug 
that reduced the p24 antigen value of the control well by 50% (IC.sub.50) was calculated using 
non-parametric regression analysis. Immunokine inhibited infection by HIV-l.sub.Bal by 87% 
compared to untreated controls and inhibited infection by HIV-l.sub.Lai by 96% compared to 
untreated controls with an IC.sub.50 for CCR5-using isolates of 90 .eta.g/mL and an IC.sub.50 of 
10 .mu.g/mL for CXCR4-using isolates of HIV-1 (see figure). Immunokine did not affect 
proliferation as measured by [,sup.3H]thymidine incorporation and was not cytotoxic as 
determined by the soluble formazan assay. 

Detail Description Paragraph - DETX (139): 

[0215] Human thymus removed for cardiac procedures from children ages 4.5 months to 11 
years was grown in culture up to 7 days without loss of cells. A minimum of three replicate tissue 
pieces were harvested for each time point or condition normally yielding 3-6 million cells 
per/fragments. The tissue fragments were pretreated with 100 .eta.g/mL of immunokine for 1 
hour at 37. degree. C. The tissue fragments were washed in PBS, pH 7.4 and placed into sterile 
tubes containing 3000 TCID.sub.50 of either HIV-l.sub.Bal or HIV-l.sub.Lai. The tissues were 
incubated at room temperature for 4 hours with gentle rocking. The tissue fragments were washed 
twice with PBS, pH 7.4 and transfered to 0.45 .mu.m nucleopore filters (Millipore) atop gelfoam 
boats (Upjohn) saturated in media [(YSSL's, 1% human serum, 50 .mu.g/ml streptomycin, 50 
U/ml penicillin G, 1. times. MEM vitamin solution (GIBCO,BRL), 1. times, insulin/transferrin/sodium 
selenite media supplement (Sigma)], in six well plates with a maximum of 16 pieces per raft. The 
fragments were incubated at 37. degree. C. with 5% CO. sub. 2 for up to 3 days. At day 3, 3-4 
fragments were removed and processed for flow cytometry. Quantitative evaluation of T-cell 
precursor subsets was performed to determine if immunokine protected thymocytes from HIV-1 
induced destruction in this in vivo model. As shown in the figure, 100 .eta.g/mL of immunokine 
protected CD4 and CD8 single positive T-cell precursors and CD8/CD4 dual positive T-cell 
precursors from the HIV-1 induced destruction seen in untreated controls. 

Claims Text - CLTX (2): 

1. A composition for preventing HIV infection of mammalian cells, the composition comprising an 
anti-immunodeficiency virus immunokine capable of binding to a cellular protein in a manner that 
prevents HIV infection of the cell. 

Claims Text - CLTX (4): 

3. A composition according to claim 1 wherein the immunokine comprises an inactivated 
bioactive polypeptide. 

Claims Text - CLTX (7): 

6. A composition according to claim 1 wherein the immunokine is adapted to bind one or more 
of a chemokine receptor protein, and a cellular cofactor for a cellular HIV receptor protein. 

Claims Text - CLTX (8): 
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7. A composition according to claim 6 wherein the protein to which the immunokine of the 
invention binds is selected from the group consisting of CD4, CXCR4 and CCR5. consisting of CD4 
and CXCR4 or CCR5 

Claims Text - CLTX (9): 

8. A composition according to claim 3 wherein the immunokine provides a substantially native 
toxin structure wherein one or more of the disulfide bridges are lacking by a method selected from 
the ozonation of native toxin, genetic engineering, and protein synthesis. 

Claims Text - CLTX (11): 

10. A composition according to claim 9 wherein the immunokine comprises inactivated alpha- 
cobratoxin in which the disulfide bridges are substantially lacking by ozonation of native alpha- 
cobratoxin. 

Claims Text - CLTX (12): 

11. A method of inhibiting infection of a cell by HIV comprising adding to the cell an anti- 
immunodeficiency virus immunokine capable of binding to a cellular protein on the cell, wherein 
upon binding of the immunokine to the cellular protein infection of the cell by HIV is inhibited. 

Claims Text - CLTX (13): 

12. A method of treating HIV infection in a human comprising administering to the human an 
anti-immunodeficiency virus immunokine capable of binding to a cellular protein on a cell, 
wherein upon binding of the immunokine to the cellular protein, infection of the cell by HIV is 
inhibited. 

Claims Text - CLTX (14): 

13. A method of preparing an anti-immunodeficiency virus immunokine capable of binding to a 
cellular protein on a cell, the method comprising the chemical, genetic and synthetic modification 
of native neurotoxins. 

Claims Text - CLTX (15): 

14. A method of identifying a target cell for immunodeficiency virus infection, the method 
comprising adding to a population of cells an anti-immunodeficiency virus immunokine capable of 
binding to a cellular protein on a cell, wherein binding of the immunokine to a cell in the 
population is an indication that the cell is an immunodeficiency virus target cell. 

Claims Text - CLTX (16): 

15. A method of identifying a candidate anti-immunodeficiency virus compound, the method 
comprising isolating a test compound capable of binding to an anti-immunodeficiency virus 
immunokine, which immunokine binds to a cellular protein, and assessing the ability of the test 
compound to inhibit infection of a cell by an immunodeficiency virus in an antiviral assay, wherein 
inhibition of infection of the cell by the immunodeficiency virus in the presence of the test 
compound is an indication that the test compound is an anti-immunodeficiency virus compound. 
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TABLE 1. Sequences and ELISA signals of peptide phage clones 
affinity selected by biotinylated IgGl bl2 



00405^90* 



Clone Peptide sequence" IgGl bl2 Fab bl2 













37>C 


4'C 


37°C 


Edl 


TCLW 


SDL 


RAQ 


CI 


ND* 


ND 


ND 


Bl library 


X C XX 


SDL 


XXX 


CI 








tJl.2 


G C LY 


SDL 


LAT 


CI 


1.321 


0.013 


0.019 


Bl .1 1 


N C LY 


SDL 


TQS < 


CI 


1.236 


0.016 


0.018 


B1.9 


N C LY 


SDL 


YAR 


CI 


1.223 


0.013 


0.015 


Bl.20 


K C MY 


SDL 


LGI ' 


CI 


1.153 


0.012 


0.021 


oi in 


D C LY 


SDL 


ESR ' 


CI 


0.818 


0.015 


0.021 


B1.4 


S C LY 


SDL 


LEL • 


CI 


0.750 


ND 


ND 


Bl.3 


E C MW 


SDL 


ELR i 


CI 


0.571 


ND 


ND 


Bl . 1 2 


N C LW 


SDL 


EQF ' 


CI 


0.343 


ND 


ND 


Ed2 


REKRWIF 


SDL 


THT 


CI 


ND 


ND 


ND 


B2 library 


xxxxxxx 


SDL 


XXX 


CI 








B2.1 


HERS YMF 


SDL 


ENR 


CI 


1.236 


1.071 


0.219 


B2.ll 


CSRNQLW 


SDL 


HGS 


CI 


1.207 


0.012 


0.016 


B2.12 


NNQGCLW 


SDL 


TAS 


CI 


1.189 


0.013 


0.017 


B2.18 


STTRCTW 


SDL 


YDS 


CI 


1.141 


0.011 


0.016 


B2.8 


QSSSCMW 


SDL 


FQQ 


CI 


0.992 


0.016 


0.018 


B2.6 


AQKQCTW 


SDL 


LSR 


CI 


0.903 


0.019 


0.018 


B2.7 


RPCRGVY 


SDL 


LDK 


CI 


0.886 


0.016 


0.020 


B2.10 


SSDHCLW 


SDL 


TMT 


CI 


0.644 


ND 


ND 


B2.3 


LPSSCSW 


SDL 


LNR 


CI 


0.276 


ND 


ND 


B2.15 


HTCAGTW 


SDL 


LST 


CI 


0.252 


ND 


ND 


gpno* 










1.121 


0.863 


1.166 












0.075 


0.014 


0.019 



a Bold residues indicate the fixed residues in the sublibraries. 
6 ND experiment not done. 
c Positive control. 
d Negative control. 

' OD 405 _^ Wj optical density at 405 minus 490 nm. 



they elicit the cognate Abs. Our approach in developing a 
vaccine against HIV-1 has been to identify peptides that are 
specific for bl2, 2F5, and 2G12 and to develop these into a 
vaccine that will actively target the production of broadly neu- 
tralizing Ab responses having specificities that are similar to 
these MAbs. This report describes the identification and char- 
acterization of a peptide that binds specifically to MAb b32. 

We used biotinylated IgGl bl2 (6, 7) to screen a panel of 11 
peptide libraries displayed on the major coat protein of fila- 
mentous bacteriophage (pVIII) as described in reference 4. 
Two clones, Edl and Ed2, were identified that bound b!2; 
DNA sequencing revealed the amino-acid sequences of their 
displayed peptides, as shown in Table 1. The peptides dis- 
played by these clones share the motif: SDLX 3 CI; however, the 
Edl sequence bears two Cys residues whereas Ed2 bears only 
a single Cys, whose position is the same in both clones. Thus, 
a set of two phage sublibraries displaying the shared residues 
and reflecting the Cys content of the two Ed clones was con- 
structed as described in reference 4. The resulting sublibraries 
bear the random-peptide sequences XCX 3 SDLX 3 CI (Bl sub- 
library, two fixed Cys residues) and X 7 SDLX 3 CI (B2 subli- 
brary, one fixed Cys residue), respectively. These sublibraries 



were screened with biotinylated IgGl b!2, yielding phage bear- 
ing the Bl and B2 peptide sequence families shown in Table 1. 
All but one of the selected phage clones bear two Cys residues, 
and all of the clones bound IgGl bl2, as shown by a direct 
phage enzyme-linked immunosorbent assay (ELISA) per- 
formed as described in reference 4. 

The deduced amino acid sequences of the peptides dis- 
played by the phage clones isolated from the sublibraries re- 
vealed a more detailed consensus for both the Bl peptides 
alone and the Bl and B2 peptides. Almost all of the clones 
selected from the Bl library contain Leu followed by an aro- 
matic amino acid (usually Tyr) N terminal to the fixed Ser- 
Asp-Leu sequence. Similarly, clones from the B2 library most 
often bear a hydrophobic residue (usually Leu), followed by an 
aromatic one (usually Trp), at this site. Most of the clones from 
the B2 sublibrary screening have a second Cys (selected for in 
the screening). The peptide displayed by only one clone, B2.1, 
contains a single Cys residue; this peptide sequence shares 
similarities with those of other clones from the B2 sublibrary, 
and even more similarity with the Ed2 sequence, in the region 
N terminal to the fixed Ser-Asp-Leu sequence. The B2.1 phage 
was significant in binding more tightly to bl2 than the other 
clones. Signals for almost all of the clones were strong in 
ELISAs performed with IgGl bl2, whereas binding was much 
reduced in assays using Fab bl2 when it was reacted with phage 
at 4°C and still lower when it was reacted at 37°C (Table 1). 
Fab bl2 bound only the B2.1 and Ed2 peptides with signals 
above the background, and in a side-by-side titration experi- 
ment, it was further demonstrated that the binding of bl2 to 
B2.1 was significantly stronger than that to Ed2 (data not 
shown); therefore, the Ed2 peptide was not further character- 
ized. 

The ability of the B2.1 peptide to bind to the antigen-binding 
site of bl2 was assessed in a competition ELISA. Biotinylated 
IgGl bl2 (1 nM) was preincubated with gpl20 Ba . L (100 nM) 
and reacted with plate-adsorbed B2.1 phage. Results in Fig. 1 
show that gpl20 blocked the binding of IgGl bl2 to immobi- 
lized B2.1 phage, indicating that the peptide binds to the an- 
tigen-binding site of IgGl bl2. The binding to B2.1 phage was 
also blocked by B2.1 synthetic peptide (300 u,M), nonbiotiny- 
lated IgGl (100 nM), and the recombinant B2.1 phage but not 
by f88-4 phage or the unrelated synthetic peptide G45B. 

The specificity of the B2.1 peptide for bl2 was also assessed. 
MAb b!2 was originally isolated from a phage-displayed Fab 
library constructed from the bone marrow of HIV-1 -infected 
donor M and subsequently screened with recombinant gpl20 
(6). To study the specificity of the B2.1 peptide for b!2, we 
tested whether B2.1 would select phage bearing bl2 out of the 
repertoire of expressed Fabs from donor M. Table 2 shows that 
yields of 10" l % were obtained after four rounds of panning of 
the M phage library on B2.1 phage. Moreover, the Fabs from 
all 12 independent phage clones that were sequenced from this 
phage pool were identical to bl2. Thus, even though the M 
library contains a large number of other Fabs that recognize 
the CD4-binding site of gpl20 (2), B2.1 selected only phage 
bearing Fab bl2. 

To produce synthetic peptides bearing the B2.1 sequence, 
we investigated the condition of the thiol group of the single 
Cys residue that is present in the B2.1 sequence. As multiple 
copies of the peptide-pVIII fusion protein are incorporated 
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Competitor: 



f88 4> 

n. c. 



8SA 
n. c. 



B2.1pep B2.1<|> 
n. c. n. c. 



B2.1* B2.14. B2.1$ 
B2.H B2.1pep gp120 



B2.1<> B2.1* 
f88 <J> G45B pep 



FIG. 1. Analysis of binding of biotinylated IgGl b!2 to B2.1 phage (B2.1d>) and B2.1 synthetic peptide (B2.1pep) by EUSA. Competition for 
IgGl bl2 binding to plate-adsorbed B2.1 phage by the following in-solution competitors is shown: 2 X 10'° B2.1 phage, 300 p.M B2.1 synthetic 
peptide, 100 nM gp!20 Ba . L (gpl20), f88-4 phage (f88 4>), and unrelated peptide G45B, whose sequence is VERSKAFSNCYPYDVPDYASLRS. 
BSA is bovine serum albumin, and n. c. indicates no in-solution competitor. O.D.^^go, optical density at 405 minus 490 nm. 



into the phage coat, the single Cys residue of B2.1-pVTII may 
potentially be in a reduced form (as a reduced thiol group) or 
disulfide bridged to a second copy of the B2.1-pVIII fusion 
protein. If the B2.1 peptide-pVIII fusion protein existed as a 
homodimer on the phage surface, it would have roughly twice 



TABLE 2. Percent yields of four successive rounds of affinity 
selection of phage-displayed Fab library M with B2.1 phage" 



Round and phage or 
protein immobilized 
on plate 


Input 
(TU, 10 9 ) 


Output 
(TU, 10 4 ) 


% Yield 


1 

B2.1 


62 


4.8 


9.2 x ur 5 


f88-4 


62 


4.0 


7.8 X 10" 5 


gpl20 


62 


9.6 


1.8 X 10~ 4 


2 








B2,l 


6.6 


2.4 


3.6 x UT 4 


f88-4 


6.6 


1.6 


2.4 x 10~ 4 


gpl20 


6.6 


140 


2.1 X 10" 2 


3 








B2.1 


2.1 


14 


6.8 X 10" 3 


f88-4 


2.1 


14 


6.8 x 10- 3 


gpl20 


2.1 


3,200 


1.5 


4 








B2.1 


2.7 


400 


1.5 X 10 _1 


f88-4 


2.7 


19 


8.8 x 10 3 


gp!20 


2.7 


110 


4.1 x 10" 1 



° For panning, 400 ng of gp!20 SF2 and 5 X 10 10 recombinant B2.1 or f88-4 
phage were immobilized on a plate. Input and output phage values are given in 
ampicillin-resistant transfecting units (TU). 



the molecular weight of the pVTII monomer. Thus, B2.1 phage 
were analyzed by sodium dodecyl sulfate (SDS)-polyacryl- 
amide gel electrophoresis (PAGE) using Tris-Tricine buffer as 
previously described (35). Phage samples were initially treated 
with the thiol-reactive reagent Af-ethylmaleimide (NEM) (Fig. 
2 A), which blocks free thiols that might be present on the 
phage coat and would prevent the formation of pVIII dimers 
after solubilization of the phage coat proteins with heat and 
SDS. Hence, if B2.1-pVIII fusions bear free thiols and are 
monomeric, reaction with NEM should prevent them from 
dimerizing after dissociation of the phage. Alternatively, if the 
B2.1-pVITI fusions exist on the phage coat as dimers (produced 
by disulfide bridging between displayed B2.1 peptides), treat- 
ment of the phage with NEM, followed by boiling in the pres- 
ence of SDS, should not affect their migration as dimers. The 
results shown in Fig. 2 A reveal that the recombinant pVIII 
from B2.1 phage migrates as a dimer that is not affected by 
NEM treatment, whereas it migrated as a monomer in samples 
treated with the reducing agent dithiothreitol (DTT). Samples 
sequentially treated with NEM and DTT also behaved as 
monomers. This proves that most or all of the B2.1 peptide 
displayed on the phage surface is homodimeric. 

In contrast to the B2.1 dimers, the clones that display pep- 
tides containing two Cys residues produced monomers or, less 
often, a mixture of monomers and dimers, with monomers 
predominating (data not shown). This result suggests that, as 
opposed to B2.1, these clones bear mostly intrachain disulfide 
bridges, consistent with the results of Zwick et al. (35). Their 
survey of phage-displayed peptides bearing one and two Cys 
residues showed that almost all containing two Cys residues 
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FIG. 2. SDS-PAGE analysis of the f88-4 wild-type phage (f88) and recombinant B2.1 phage (all others). Phage were left untreated or treated 
with DTT, NEM, or NEM followed by DTT and then analyzed by SDS-PAGE. Monomeric (M) and dimeric (D) recombinant pVTII proteins are 
shown. Proteins in similar gels were either silver stained or transferred to a membrane and subjected to Western blotting with anti-phage Ab or 
IgGl bl2. Panels: A, silver-stained gel; B, Western blot using IgGl bl2 to show the reactive dimer; C, Western blot using rabbit anti-phage Ab 
to show the wild-type and recombinant pVIII proteins. 



are cyclic whereas all of those bearing a single Cys residue form 
homodimers. 

The requirement for an intact disulfide bridge for the anti- 
genicity of B2.1, and of clones bearing cyclic peptides, was 
assessed by Western blot experiments (15) using IgGl bl2 or a 
rabbit polyclonal anti-phage Ab for detection. Figure 2B shows 
that IgGl bl2 binds only to the B2.1-pVIII fusion in its dimeric 
form. Staining with IgGl bl2 was present at the site of the 
dimer but not at the monomer, whereas both forms were de- 
tected by the anti-phage Ab (Fig. 2C). A clone selected from 
the Bl sublibrary, bearing a peptide-pVIII fusion containing 
two Cys residues, was also tested by a Western blot assay with 
IgGl bl2. It produced a band much weaker than that of the 
B2.1 phage, whereas blotting with the anti-phage Ab produced 
a recombinant band with an intensity similar to that of the B2.1 
clone (data not shown). This supports the conclusions drawn 
from the ELISA data (Table 1) indicating that IgGl bl2 does 
not bind as tightly to peptides containing two Cys residues as it 
does to the B2.1 homodimer. Moreover, as with the B2.1 ho- 
modimer, reduction by DTT of the intrachain disulfide bridge 
of clones containing peptides bearing two Cys residues ablated 



bl2 binding in the ELISA; thus, disulfide-bridging is also re- 
quired for their antigenicity (data not shown). 

The location of the Cys residue (and hence the disulfide 
bridge) in the B2.1 sequence is crucial to its reactivity with bl2. 
Phage bearing mutations in the B2.1 peptide sequence were 
prepared and assayed for the abilities to bind IgGl bl2 and 
produce homodimer and/or monomer bands on analysis by 
SDS-PAGE. As shown in Table 3, replacement of Cys 14 with 
Ser ablated dimer formation and Ab binding. Interestingly, 
replacement of Ser 4 with Cys ablated binding, regardless of 
whether the residue at position 14 was Cys; even the dimeric 
form of this mutant peptide did not bind bl2 significantly. 
Thus, the antigenicity of B2.1 is strongly affected by the pres- 
ence and location of the disulfide bridge that produces ho- 
modimers. 

To study the affinity of the B2.1 homodimer out of the 
context of the phage coat, a synthetic version of the B2.1 
peptide was prepared as a disulfide-bridged homodimer with 
the sequence NH 3 -HERSYMFSDLENRCIAAEGK-NH 2 
(Multiple Peptide Systems, San Diego, Calif.; monomer mo- 
lecular weight, 2,354.6; >95% pure and >95% dimer). This 



TABLE 3. Binding of bl2 IgG to B2.t phage mutants 



Phage clone 



Peptide sequence* 



IgGl bl2" 



SDS-PAGE* 



3 nM 



30 nM 



Dimer 



Monomer 



Western blof 
bl 2 binding 



B2.1 


HERSYMFSDLENRCI 


1.00 


1.04 




+ 


+ 


B2.1-A Cys 


HERSYMFSDLENRSI 


0.02 


0.04 




+ 




B2.1-5'Cys 


HERCYMFSDLENRSI 


0.02 


0.05 








B2.1-CC 


HERCYMFSDLENRCI 


0.03 


0.13 








f88-4 




0.02 


0.03 








None 




0.02 


0.03 


NA" 


NA 


NA 



° Values are optical densities at 405 minus 490 nm from a direct phage ELISA. 

b Wild-type and mutant B2.1 phage were subjected to SDS-PAGE in the presence or absence of DTT; the dimer and monomer columns show the results for 
nontreated and DTT-treated phage, respectively. Symbols: + detection of recombinant B2.1-pvni fusion band on silver-stained gels; - no band observed. 
c A plus sign indicates reactivity with IgGl bl2 in the Western blot, and a minus sign indicates no reactivity. 
d NA, not applicable. 

' Bold residues indicate sites at which amino acid replacements were made based on the B2.1 clone sequence. 
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TABLE 4. Reconstruction panning of Fab bl2 phage versus 
B2.1 peptide, B2.1 phage, and gpl20 Ba-L° 



Phage reconstruction 



Fab bl2 


DP47/AD27 


B2.1 peptide 


B2.1 phage 


gpl20 Ba-L 


io 10 




2.7 X 10" 3 


2.1 X 10" 1 


3.2 X KT 1 


10 9 


9X 10 9 


3.0 X 10" 3 


1.4 X 10" 1 


2.0 X 10 _1 


10 8 


IO 10 


1.5 X 10" 4 


7.7 X 10" 2 


2.8 X 10" 2 


10 7 


10 10 


1.6 X ur 4 


3.1 X 10" 4 


1.0 X ur 3 


10 6 


10'° 


4.5 X KT 4 


5.8 X 10 5 


2.7 X KT 4 


10 5 


10 10 


1.2 X 10" 4 


1.3 X 10" 4 


1.2 X 10" 4 


10 4 


10 10 


3.4 X 10~ 4 


2.7 X 10" 4 


3.1 X ur 4 




10 U) 


1.6 X 10" 4 


2.0 X IO" 4 


4.9 X 10" 4 



a Decreasing amounts of Fab bl2 phage were mixed with DP47/AD27 phage 
to a total of 10 10 particles and screened in one single round with the three 
antigens. Results arc expressed as percent yields of ampicillin-resistant trans- 
fecting units. 



synthetic B2.1 peptide was used as a target with which to 
isolate phage bearing bl2 Fab from the M library; but no phage 
were selected (data not shown), indicating that the synthetic 
peptide does not bind bl2 as tightly as the phage-borne one. 
To verify the relatively weak interaction of the synthetic pep- 
tide with b!2 compared to phage-borne B2.1, a panning recon- 
struction experiment was performed in which phage bearing 
Fab bl2 were mixed with various amounts of phage bearing 
unrelated Fab AD27/A47 (as a background control phage). 
The Fab phage were panned side by side in wells coated with 
gpl20, B2.1 phage, or B2.1 peptide. The results in Table 4 
show that gpl20 and B2.1 phage enriched bl2 phage 50- to 
100-fold better than did the synthetic B2.1 peptide. Thus, the 
affinity of the phage-borne B2.1 for the b!2 Fab appears to be 
stronger than that of the synthetic peptide. 

We also prepared a biotinylated, synthetic version of the 
B2.1 peptide having the sequence NH 3 -HERSYMFSDLENR 
CIAAE-Orn(biotin)-KK-NH 2 (Multiple Peptide Systems; 
monomer molecular weight, 2,767.6; >95% pure and 80% 
dimer). This peptide (bio-B2.1) was biotinylated so that it 
could be bound to immobilized streptavidin in ELISA wells 
and directly detected during the production of conjugates for 
immunization, regardless of its IgGl bl2 antigenicity. The rel- 
ative affinity of MAb bl2 for the B2.1 sequence presented in 
different forms was assessed by direct titrations using Fab and 
IgGl bl2. The titrations were performed on streptavidin- 
captured and plate-immobilized bio-B2.1 peptide, as well as 
with recombinant B2.1 phage (and gpl20 as a positive control). 
Figure 3A shows that the binding of Fab bl2 to both plate- 
immobilized and streptavidin-captured synthetic B2.1 peptide 
was almost undetectable over the background. In contrast, Fab 
binding to recombinant B2.1 phage was strong and followed a 
titration curve similar to that of gpl20 (Fig. 3A), suggesting 
that the affinities of b!2 for gpl20 and phage-displayed peptide 
are similar (K d s of 3 nM [gp!20 MN ] and 9.1 nM [gp^O^] 
have been reported by Roben et al. [31] and Parren et al. [28], 
respectively). Although the results were somewhat different 
when IgGl bl2 was used instead of Fab for the titration ELISA 
(which was most likely due to the inherent avidity of the IgG), 
a similar trend was observed (Fig. 3B). IgGl bl2 reacted with 
both phage-displayed and synthetic B2.1 peptide; however, it 
bound more tightly to recombinant B2.1 phage than to either 
form of the synthetic peptide. Moreover, the Ab showed better 
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FIG. 3. Titration of Fab bl2 (A), IgGl bl2 (B), and murine anti- 
B2.1 peptide serum (C) on different immobilized antigens. Twofold 
dilutions of Fab and IgGl b!2 and fourfold mouse serum dilutions 
were reacted with biotinylated B2.1 directly adsorbed to ELISA wells 
(bio-B2.1), biotinylated B2.1 bound to immobilized streptavidin 
(SA+bio-B2.1), gp\20 Ba , u B2.1 recombinant phage, f88-4 phage, bo- 
vine serum albumin (BSA), ovalbumin, and streptavidin (SA). O.D., 
optical density. 
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FIG. 4. Kinetics of binding of IgGl bl2 to B2.1 peptide in-solution. 
(A) Percent free Ab versus molar concentration of peptide; data (di- 
amonds) and the best-fit theoretical curve are shown. (B) Percent error 
from fit of the data in Fig. 3A to the best-fit curves calculated for a 
range of A^s. The 95% confidence interval calculated for this experi- 
ment is 1.3 to 3.7 u,M. 



binding to the plate-adsorbed peptide than to the streptavidin- 
captured one; thus, it was able to discriminate between these 
two means of presenting the peptide. In contrast to IgGl bl2, 
the IgG from a mouse that had been immunized with a B2.1 
conjugate vaccine (see below) showed no discrimination be- 
tween the streptavidin-bound and plate-adsorbed forms of bio- 
B2.1 (Fig. 3C) and binding to gp120 was undetectable. These 
results indicate that the ability of bl2 to discriminate between 
plate-immobilized peptide and streptavidin-captured peptide 
is linked with its capacity to bind gpl20, again suggesting that 
a specific B2.1 structure (or set of structures) is responsible for 
its antigenicity for bl2. It is apparent from these titration 
experiments that the most antigenic structure of the B2.1 se- 
quence is best represented by the recombinant peptide in the 
context of the phage coat. 

To assess the range of affinities of the different peptides for 
bl2, the in-solution binding affinity of IgGl b!2 for the B2.1 
peptide was determined by using a KinExA 3000 (Kinetic Ex- 
clusion Assay) instrument (Sapidyne Instruments, Inc., Boise, 
Idaho) (3) as described in reference 10. KinExA measurements 
involving in-solution monovalent antigen yields affinity con- 
stants that are independent of the Ab valency. The data in Fig. 
4 show that the interaction between IgGl bl2 and the free 
peptide closely follow a 2.5-u.M K d best-fit theoretical curve 
derived from a simple second-order kinetic model (Fig. 4A). 



Comparison of the percent root mean square deviation errors 
(Fig. 4B) produced from the fit of these data to the best-fit 
curves calculated for a range of K d s revealed the accuracy of 
the K d found for bl2 and B2.1 in solution. ThlsK d is ~ 200-fold 
higher than the 9.1-nM K d measured for the interaction be- 
tween Fab bl2 and recombinant gpl20 from HIV-l^,, as 
determined by surface plasmon resonance (31). However, the 
K d is lower than the «=100 \sM found for a synthetic cyclic 
peptide made from one of the clones isolated from the Bl 
library by competition ELISA of that peptide with Fab bl2 (A. 
Satterthwait and J. K. Scott, unpublished data). 

The Fab and IgGl titration data and the in-solution affinities 
of bl2 for B2.1 and gpl20 may be used to provide very rough 
reference values from which the affinity of the plate-bound and 
phage-displayed peptides could be interpolated. Given the 
range of 9 nM for gpHO^, and ^3 pjvl for the free peptide 
(and assuming that the affinity of free B2.1 is similar to that of 
bio-B2.1 captured on streptavidin), we speculate that the plate- 
adsorbed peptide binds with a K d ranging between 20 and 500 
nM. The phage-displayed recombinant peptide shows the high- 
est affinity for binding to Fab bl2, with the data suggesting a K d 
value close to that of bl2 for gpl20. 

Taken together, our results support the idea that the affinity 
of the B2.1-M2 interaction is dependent on the environment in 
which the peptide is presented to bl2. The data suggest the 
existence of different structures of the B2.1 homodimer and 
indicate that the predominant structure of B2.1 in solution 
(and tethered, via biotin, to streptavidin) is either unfolded or 
unstable and different from the one(s) that it assumes in the 
context of the phage coat. Our results obtained with synthetic 
and recombinant B2.1 peptides indicate that the structure of 
the homodimer could be further optimized to maximize its 
antigenicity. B2.1 binds bl2 preferentially when fused to the 
pVIII coat protein and displayed on the phage surface, per- 
haps because the highly structured phage coat provides a more 
rigid and/or stable environment for the peptide. This would be 
in keeping with the work of Jelinek et al. (16), which shows that 
antigenic peptides fused to pVIII produce nuclear magnetic 
resonance (NMR)-definable structures, even though the free 
peptide in solution does not. 

The sequences of the peptides we have discovered (Table 1), 
especially B2.1, show significant homology to the D-loop re- 
gion of gpl20 (residues 273 to 285). The residues of the B2.1 
sequence that are shared with D-loop sequences from a num- 
ber of gp!20s are bolded in HERSYMFSDLENRCI. The D 
loop region of gpl20 contains a number of residues that are 
highly conserved among FHV-1 isolates from different clades. 
Frequencies in gpl20s from all clades for the bolded residues 
in the B2.1 sequence are 96% for Arg273, 96% for Ser274, 
52% for Phe277, 99% for Ser or Thr at position 278, 99% for 
Asp or Asn at position 279, and 98% for Ile285 (frequency data 
were taken from the Los Alamos Env sequence database at: 
http://hiv-web.lanl.gov/). As well, residue Asp279 of the D loop 
also makes contact with CD4 and thus forms part of the CD4 
binding site on gpl20 (16a). 

Figure 5 shows the sequence and structure of the D loop of 
FIXB2 gpl20; it appears to be partially stabilized by the inter- 
action between the side chains of Val275 and Ile284. The 
bl2-selected clones that contain two Cys residues most often 
have loop lengths of eight residues (Table 1). If the sequences 
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FIG. 5. Structure of the D loop of gpl20, residues 273 to 285, taken 
from the HXB2 HIV-1 isolate. The sequence of this region, whose 
alpha-carbon backbone is shown in red, is RSVNFTDNAKTII. Resi- 
dues shared with the B2.1 peptide, HERSYMFSDLENRCI, are in 
bold type. 



of the cyclic peptides having 8-mer loops are overlaid on the D 
loop, with their N- and C-terminal Cys residues being placed 
where Val275 and Ile284 of the D loop are located, respec- 
tively, homologous residues shared between the two are per- 
fectly aligned. The location of the FSD sequence aligns with 
that of the D loop's FTD sequence, and the N-terminal He of 
the peptides aligns with the gp120 Ile285. 

The homologies between residues in B2.1 and conserved 
residues in the D loop, as well as the structural homologies 
with the cyclic peptides, lead us to predict that the D loop of 
gp!20 is involved in binding the bl2 Ab, with the residues RS, 
FSD, and T being of importance in maintaining a D-loop-like 
structure and/or in making direct contacts with the b!2 Ab. 
The crystallographic structure of IgGl b!2 has been eluci- 
dated, both in the free form and bound to the B2.1 peptide 
(E. O. Saphire, personal communication). These structures 
should prove useful in directing further optimization of the 
B2.1 peptide as a bl2 ligand and as a gpl20 mimic and in 
characterizing the gp!20 epitope for b!2 at the atomic level. 

Our goal in developing a peptide mimic of the bl2 epitope 
is to use it in a vaccine against HIV-1 infection to elicit bl2-like 
neutralizing Abs. We conjugated the biotinylated synthetic 
peptide to wild-type phage and ovalbumin using BS3 as a 
cross-linker. The conjugates bound IgGl bl2, as shown by 
Western blot assay, ELISA, and immunoprecipitation, indicat- 
ing that the antigenic structure of B2.1 was conserved after the 
conjugation. We found that both conjugates were immuno- 
genic in mice and rabbits but did not elicit significant gpl20- 
cross-reactive Ab titers, indicating that bl2-like Abs were not 
produced at detectable levels (data not shown). At least two 



reasons may account for this: (i) the relatively low affinity of 
bl2 for the synthetic version of the peptide and/or (ii) the 
species barrier (bl2 has an 18-residue-long H3, and Abs with 
such features are not produced in mice). We also carried out 
immunizations with B2.1 recombinant phage, which produced 
only moderate anti-peptide Ab titers, accompanied by high 
anti-phage Ab responses. In addition to the species problem 
mentioned above, we believe that the relatively low copy num- 
ber of the B2.1 homodimer displayed on the phage surface 
(«*200 copies/phage) explains this result. 

Thus, the isolation and characterization of the B2.1 peptide 
constitute the first stage of a new strategy for targeting the 
production of Abs against a single prespecified neutralizing 
epitope on HIV-1. However, the generation of a successful 
B2.1 immunogen requires further optimization at several lev- 
els. Our results indicate that the structure of the homodimer 
displayed on the phage coat is best for the binding of b!2; thus, 
the recombinant phage is the primary target of our efforts at 
structure-based optimization of B2.1 as an antigen and im- 
munogen. We are currently assessing the peptide residues that 
are critical for bl2 binding in the context of the phage. These 
functional data, coupled with the crystallographic data men- 
tioned above, should provide insight into further optimization 
of the B2.1 peptide. Such optimization also requires knowl- 
edge of the phage-borne structure of B2.1 Thus, we are also 
making efforts to raise the copy number of the B2.1 ho- 
modimer on the phage coat, to allow NMR-based analyses, 
and to generate soluble B2.1 fusion proteins so that the dimer 
can be studied in a "monovalent" protein format (compared to 
phage particles, which bear multiple copies of the dimer). 
Other immunization strategies (a prime-boost approach) and 
species (monkeys and XenoMouse) will also be explored. 
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IgGl bl2 is a broadly neutralizing antibody against human immunodeficiency virus type 1 (HIV-1). The 
epitope recognized by bl2 overlaps the CD4 receptor-binding site (CD4bs) on gpl20 and has been a target for 
vaccine design. Determination of the three-dimensional structure of immunoglobulin Gl (IgGl) bl2 allowed 
modeling of the bl2-gpl20 interaction in which the protruding third complementarity-determining region 
(CDR) of the heavy chain (H3) was crucial for antibody binding. In the present study, extensive mutational 
analysis of the antigen-binding site of Fab bl2 was carried out to investigate the validity of the model and to 
identify residues important for gpl20 recognition and, by inference, key to the anti-HIV-1 activity of IgGl bl2. 
In all, 50 mutations were tested: 40 in H3, 4 each in H2 and LI, and 2 in L3. The results suggest that the 
interaction of gpl20 with H3 of bl2 is crucially dependent not only on a Trp residue at the apex of the H3 loop 
but also on a number of residues at the base of the loop. The arrangement of these residues, including aromatic 
side chains and side chains that hydrogen bond across the base of the loop, may rigidity H3 for penetration of 
the recessed CD4-binding cavity. The results further emphasize the importance to gpl20 binding of a Tyr 
residue at the apex of the H2 loop that forms a second finger-like structure and a number of Arg residues in 
LI that form a positively charged, shelf-like structure. In general, the data are consistent with the bl2-gpl20 
interaction model previously proposed. At the gene level, somatic mutation is seen to be crucial for the 
generation of many of the structural features described. The Fab bl2 mutants were also tested against the bl2 
epitope-mimic peptide B2.1, and the reactivity profile had many similarities but also significant differences 
from that observed for gpl20. The paratope map of bl2 may facilitate the design of molecules that are able to 
elicit bl2-like activities. 



It is of fundamental importance to the global human immu- 
nodeficiency virus type 1 (HIV-1) vaccine effort to look for 
potential ways in which to elicit an effective neutralizing anti- 
body response against HIV-1 (6, 8, 10, 27, 32, 53, 68, 88, 92). 
The target of neutralizing antibodies against HIV-1 is the en- 
velope spike, which consists of the surface glycoprotein gpl20 
and the transmembrane protein gp41. Although not formally 
proven, it is generally accepted that the spike is a trimer of 
gp 1 20-gp41 heterodimers (12, 13, 33, 40, 60, 83, 87). One of the 
consequences of this quaternary arrangement is that a number 
of conserved epitopes that are well exposed on purified, mo- 
nomeric gpl20 and gp41 are buried or partially buried in the 
trimeric gp!20-gpl20, gp41-gp41, or gpl20-gp41 interfaces 
within the native spike (29, 62, 67, 69, 86). The relative inac- 
cessibility of conserved epitopes in the trimeric spike likely 
explains the paucity of neutralizing monoclonal antibodies 
against HTV-1 (8) as well as the low titers of isolate cross- 
neutralizing antibodies typically found in the serum of animals 
or humans immunized with soluble envelope protein (15, 20, 
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21, 23, 26, 45, 72, 81, 85) or even during natural infection with 
HIV-1 (38, 48). 

Nevertheless, a few broadly neutralizing antibodies against 
HIV-1 have been described. Immunoglobulin Gl (IgGl) bl2 
binds to the CD4 receptor binding site (CD4bs) on gpl20 (4, 
9,11, 62), 2G12 binds to a carbohydrate-rich epitope on the 
silent face of gpl20 (63, 70, 80), and 2F5 binds to a linear 
epitope close to the membrane on the ectodomain of gp41 (52, 
61, 94). In addition, three novel antibodies have recently been 
identified as having broad neutralizing activity: Fab X5, which 
binds an epitope on gp!20, the exposure of which is enhanced 
by CD4 binding (51), 4E10 (74, 94), and Z13 (94), which bind 
immediately C- terminal to 2F5 on gp41. These antibodies 
stand out among the population of known human antibodies as 
being relatively potent and able to neutralize a wide range of 
primary isolates of HIV-1 (21, 51, 94) and in combination have 
been shown to neutralize HIV-1 with some degree of synergy 
(43, 95). Moreover, IgGl bl2 has recently been shown to be 
effective at neutralizing primary isolates of subtype C, which is 
responsible for the greatest number of infections worldwide 
(7). Importantly, IgGl bl2 is able to completely protect ma- 
caques against vaginal challenge with the simian immunodefi- 
ciency virus-HTV hybrid SHTV 162P4 (58). This study, together 
with other passive antibody protection studies (2, 14, 44, 46, 56, 
73), establishes parameters by which antibody can mediate 
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sterile protection against retroviral challenge and illustrates 
the potential of broadly neutralizing antibodies for controlling 
HIV-1, at least in animal models. 

Of the panel of broadly neutralizing anti-HIV-1 monoclonal 
antibodies, IgGl bl2 is the best characterized at the molecular 
level. Somatic variants of bl2 were available essentially since 
its discovery by phage display methodology, providing an early 
indication of residues in the antibody variable regions that 
influence binding activity (4, 9, 57). Later, in vitro selection 
experiments were performed in which a complementarity de- 
termining region (CDR) walking strategy was used to identify 
variants of b!2 with greater affinity for monomeric gpl20 and, 
in some cases, with an enhanced ability to neutralize HIV-1 (5, 
90). Recently, the three-dimensional structure of the whole 
IgGl bl2 molecule was determined (66), providing a structural 
framework for attempts to elucidate its broadly neutralizing 
activity. In particular, a Trp residue displayed at the apex of a 
long protruding H3 loop may allow bl2 to penetrate and fill the 
hydrophobic cavity of the CD4bs on gp 120 in a way analogous 
to Phe43 of CD4 (66). From a docking model of bl2 with the 
core of gpl20 (39), bl2 also makes contacts on the inside face 
of the V1/V2 loop stem of gp!20 and with the D loop of gp!20 
by a canyon created by CDRs H3, LI, and L3 (66). This model 
can now be tested by additional structural and functional stud- 
ies. 

IgGl bl2 is also arguably the best characterized of a group 
of antibodies known as anti-CD4bs antibodies, which compete 
with CD4 and with each other in binding to gpl20. Many 
human anti-CD4bs antibodies (besides IgGl bl2) have been 
described by various groups (49, 50, 75), including 15e (30), 
F105 (76), F91 (50), 1125H (77), 21h (30, 75), 654-30D (41), 
and Fab b6 (57, 62), the last of which was isolated from the 
same seropositive subject from whom bl2 was cloned. These 
anti-CD4bs antibodies often show broad reactivity with mono- 
meric gp!20s from different isolates of HIV-1 but do not, 
however, show the neutralizing activity of bl2 (21, 22, 62). The 
difference has been associated with the ability of bl2 but not of 
other anti-CD4bs antibodies to bind well to the trimeric enve- 
lope spike on the surface of virions (59). It would seem that 
bl2 is able to bind with reasonably high affinity to both mono- 
meric and trimeric forms of gpl20, whereas the other CD4bs 
antibodies bind well only to the monomeric form. 

Clearly, one would like to have immunogens capable of 
eliciting bl2-like antibodies. To this end, we have been explor- 
ing the interaction of bl2 with gpl20 from a number of aspects. 
These include determination of the crystal structure of bl2 
(66), docking of bl2 with the structure of the core of gpl20 
(66), and examination of the effects of mutations of gpl20 
residues on the bl2-gpl20 interaction (55). Here, we ap- 
proached the problem from the point of view of the antibody 
by attempting to identify the key structural features of bl2 
required for gp!20 binding through extensive mutagenesis of 
bl2 residues. At the same time, for comparative purposes, we 
looked at the effects of mutations on the interaction of b!2 
with a peptide mimotope, B2.1, that binds bl2 specifically and 
is being studied as a vaccine lead (93). The results provide 
functional data relevant to the docking model presented pre- 
viously (66) and reveal specific requirements at the tip and 
base of the CDR H3 finger of bl2 for gpl20 recognition. In 
addition, a cluster of arginine residues in the CDR LI region 



forming a shelf-like structure and a prominently displayed Tyr 
residue in CDR H2 are shown to be crucial. The potential 
implications for eliciting bl2-like antibodies by vaccination are 
discussed in terms of the demands that this puts on the anti- 
body repertoire. 

MATERIALS AND METHODS 

Mutagenesis and crude Fab preparation. b!2 Fab mutants were engineered 
with the QuikChange mutagenesis kit (Stratagene) according to the manufac- 
turer's directions with pComb3H vector DNA, encoding wild-type bl2 Fab, as 
the template. A similar approach was used to engineer the Fab b6 mutants. The 
sequences of the mutant clones were verified by DNA sequencing within the 
variable regions. A complete list of the Fab bl2 mutants engineered in this study 
is included in Fig. 1. The CDRs were defined with IMGT delimitations (http: 
//imgt.cnusc.fr:8104/home.html) (42) except for H3, for which conserved residues 
A93 and R94 were omitted, as per the Kabat and Wu definition (34). 

The preparation of crude Fab supernatants has been described previously (3). 
Briefly, the mutant clones, wild-type bl2, and an irrelevant Fab negative control 
were transformed separately into Escherichia colt XLl-Blue cells (Stratagene), 
and single colonies were used to inoculate 10-rnl cultures in SB medium con- 
taining 50 u,g of carbenicillin and 10 u.g of tetracycline per ml. The cultures were 
shaken at 300 rpm at 3TC for 6 to 8 h, then induced with 1 mM isopropylthio- 
galactopyranoside (IPTG), and incubated overnight at 30°C with shaking. The 
next day, the cultures were centrifuged at 5,000 X g for 15 min at 4°C, the pellets 
were resuspended in 1 ml of phosphate-buffered saline (PBS, pH 7.0), and the 
bacterial suspensions were subjected to four rounds of freeze-thawing. The 
bacterial debris was pelleted at 14 000 rpm in a microcentrifuge, and the super- 
natants were supplemented with bovine serum albumin (BSA) and Tween 20 
(1% and 0.025% final concentrations, respectively). Duplicate or triplicate crude 
Fab supernatants were prepared to lessen the effect of culture-to-culture varia- 
tion in Fab production, pooled, and used directly for enzyme-linked immunosor- 
bent assays (ELISAs) as described below. 

Crude Fab ELISA. Ninety-six-well plates (one-half diameter, flat-bottomed; 
Costar) were coated with 50 u,l of PBS containing 50 ng of goat anti-human TgG 
F(ab') 2 (Pierce), 75 ng of gpl20 JRFL (Progenies), 50 ng of oligomeric gpl20] n B 
(ImmunoDiagnostics, Inc.), or 7 x 10 9 B2.1 phage particles (the B2.1 peptide 
HERSYMFSDLENRCI is a disulfide-bridged, homodimeric peptide displayed 
as a fusion to the N terminus of pVITI on the filamentous phage [93]) and 
incubated overnight at 4°C. The wells were washed twice with PBS containing 
0.05% Tween 20 and blocked with 3% BSA at 37°C for 1 h. The wells were 
washed once, and 50 u.1 of the bacterial supernatants containing Fab diluted in 
PBS containing 1 % BSA and 0.025% Tween 20 was added. The plates were 
incubated for 2 h at 37°C, the wells were washed four times, goat anti-human Fab 
conjugated to alkaline phosphatase (Pierce), diluted 1:500 in PBS containing 1% 
BSA and 0.025% Tween 20, was added to the wells, and the plate was incubated 
at room temperature for 30 min. The wells were washed five times and developed 
by adding 50 u.1 of alkaline phosphatase substrate, prepared by adding one tablet 
of disodium p-nitrophenyl phosphate (Sigma) to 5 ml of alkaline phosphatase 
staining buffer (pH 9.8), according to the manufacturer's instructions. 

After »30 min, the optical density at 405 nm was read on a microplate reader 
(Molecular Devices). The concentration of Fab was determined with the anti- 
Fab ELISA (full curve, threefold dilution series) with simple linear regression; 
the concentrations of Fab in the samples were usually within about twofold of 
that of wild-type Fab bl2 except for mutants V95A, Y53G, 3D3A, and 3D3N, 
which were consistently 4- to 10-fold less abundant. A full threefold ELISA 
binding curve was also generated for groups of Fab mutants alongside wild-type 
bl2 and a negative Fab control against gpl20 or B2.1 phage. Apparent affinities 
were calculated as the antibody concentration at half-maximal binding. Apparent 
affinities as a percentage of that of wild-type Fab bl2 were calculated with the 
formula [(apparent affinity of the wild type)/(apparent affinity of the mutant)] x 
100. All samples were tested at least twice, and the mean was taken as the final 
reported value. 

Competition ELISA with purified Fab. Ninety-six-well plates were coated with 
gpl20, washed, and blocked, as above. Wild-type and representative mutants of 
Fab hi 2 were purified as described previously (3) with protein G-Sepharose 
columns (Fast Flow; Pharmacia) and verified to be >90% pure by sodium 
dodecyl sulfate- polyacrylamide gel electrophoresis (SDS-PAGE). The purified 
Fabs were added to the wells at various concentrations in the presence of a single 
concentration of biotinylated Fab bl2 that was previously determined to gener- 
ate an ELISA signal of 50 to 75% of maximal. After 2 h of incubation at 37°C, 
the plate was washed, and a streptavidin-horseradish peroxidase conjugate (Jack- 
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Cl neiP CDRH3 

b12 {w.t. ) VGPYSWDDSPQDNY YMDV 
Solvent access# 003224313312010011 

V95A A 

V95I I 

G96A - A 

P97A - - A 

P97E - - E - - 

Y98 A ---A**-"------*--- 

Y98W W 

S99A - - - - A 

S99G . - - - G 

W100A A 

W100F F 

W100S S 

W100V V 

D100aA A 

D100aE E 

D100bA A 

D100bE E 

S100cA A 

P100dA A 

QIOOeA A 

QIOOeN N 

QIOOeF F 

DIOOfA A 

DIOOfE E 

ISMOOgA A 

NIOOgD D 

NIOOgQ Q 

NIOOgH H 

NIOOgY Y 

YIOOhA A 

YIOOhF F 

Y100hW W - - - - 

Y1001A A - - - 

YIOOiF F - . - 

Y100iW W - - - 

MIOOjA A - - 

D101A - - A - 

V102A A 

3D3A A A - - - A 

3D2N NN---A 

b7* - - - - T 

MV2* - - E - K - - N 

3B1** - - QWN 

3B2" WT 

3B3" - • EWG 

3B4** - - -WN 

3B6** - • L WN 

3B7" - - SWR 

3B9** - - -WR 

H1.3B/H3.32" - - EWG - EQFRF 

H1.3B/H3.33" - - EWG - EMFRY 

H1.3B/H3.34" - - EWG - EM R R F 

H1 .3B/H3.35" - -EWG-HQRRY 

H1 .3B/H3.36** - -EWG--GRRY 

H1 .3B/H3.38" - -EWG-TQRRF 

H1.3B/H3.39" - - EWG - - QV RY 

CS** - - EWT 

CS** - - EWT - - - F 

CS*» - - EWT - - MD - - A 



B 



CI n ID 



CDR H1 



b12 (w.t. ) GYRFSN FV 
Solvent access#2 0 3 0 2 1 1 0 

3B3# T 

H31L42# H-T 

"Qermrme" - - T- TSYA 



Clone ID 

D12 {W.t. ) 



CDR H2 
I NPYNGNK 



Solvent access# 0 1 0 3 2 3 3 2 

N52A - A 

P52aA - - A 

Y53G - - - G - - - - 

N56A A - 

'germline* » - AG - • - T 



Clone ID CDR L1 

b12 (w.t. ) HS I RSRR 
Solvent access# 2 2 0 3 2 2 1 

R29S - - - S - - - 

S30A .... A - - 

R31S S - 

R32Y Y 

b21* -N 

H31L42** -QLDGS- 

"germline" Q-VS-SY 



Clone ID 



b12 (w.t. ) 
Solvent access# 
"germ line" 



CDRL2 
G V S 
1 1 2 



Clone ID 



CPRL3 



b12 (w.t ) QV YGASSYT 
Solvent access# 0000331 01 
A93Y - - - - Y - - - - 

S94A A - - - 

b7* - Q. . s - R - - 

H31L42** - Q- - WPF - - 



FTG. 1. Amino acid sequences of mutants and variants of wild-type (w.t.) b!2 in CDR loops H3 (A), HI (B), H2 (C), LI (D), L2 (E), and L3 
(F). Each panel shows the solvent accessibility (Solvent access#) of the side chains of each residue, the relevant sequences of mutants of bl2 
engineered for this study, and natural (*) and in vitro-evolved (**) variants isolated in previous studies (references 4 and 57 and references 5 and 
90, respectively). The solvent accessibilities of the side chains were determined by the NACCESS computer program (16) and are graded as follows: 
0, buried (<10% exposure); 1, partially exposed (10 to 35% exposure); 2, moderately exposed (36 to 66% exposure); 3, mostly exposed (67 to 90% 
exposure); and 4, fully exposed (>90% exposure). H31L42 (37) is a whole-IgG version of the Fab designated hl.l h3.33/L1.4L3.14 (90). The 
deduced amino acid sequences of the closest related germ line DNA are shown for comparison; the germ line sequences for the heavy and light 
chains are IGHV1-3*01 (DP-25; accession no. X62109) and IGKV3-20*01 (DPK22; accession no. X12686), respectively. 
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son) diluted 1:1,000 in PBS containing 1% BSA and 0.025% Tween 20 was 
added. After a 30-min incubation at room temperature, the plates were washed, 
and the tetramethylenebenzidine (TMB) substrate kit (Pierce) was used for 
developing, according to the manufacturer's instructions. The optical density at 
450 nm was read on a microplate reader (Molecular Devices), and the results 
were recorded as the 50% inhibitory concentration (IC*), defined as the con- 
centration of competing Fab that was required to reduce the maximal signal 
generated by biotinylated Fab bl2 by 50%. All competition ELISAs were per- 
formed twice. 

Synthesis of bl2 CDR H3 peptide and coupling to BSA- A peptide correspond- 
ing to CDR H3 of bl2 was synthesized with the b!2 crystal structure as a guide 
(66); the peptide has the sequence C-PGK-A y3 RVGPYSWDDSPQD 
NYYMDW 103 . Residues PGK were included to promote a type II 0-turn (31), 
and a Cys residue was added to facilitate cyclization via native chemical ligation 
(19) and chemical coupling to a carrier molecule. The Arg 94 side chain in the 
third framework region (FR3) projects into solvent in the crystal structure and so 
was included in the peptide, as was Ala 93. The peptide was synthesized with 
TV-tert-butoxy-carbonyl chemistry (71), purified by reverse-phase high-pressure 
liquid chromatography to >95% purity, and verified by mass spectrometry. 

To cyclize the peptide, the backbone was linked N to C terminus by native 
chemical ligation (28), and the final product was purified by reverse-phase high- 
pressure liquid chromatography to >95% purity and verified by mass spectrom- 
etry. The free Cys of the peptide was used to cross-link the peptide to activated 
BSA (Pierce) by using the manufacturer's instructions. Briefly, 10 mg of sulfo- 
succinimidyl 4-(N-raaleimidomethyl)cyclohexane-l-carboxylate-activated BSA in 
1 ml of deionized H 2 0 was mixed with 10 mg of peptide dissolved in 0.25 ml of 
dimethyl sulfoxide and 1.75 ml of PBS. The mixture was rocked gently for 2 h at 
room temperature, dialyzed extensively against PBS, and then sterilized with a 
0.2-pLm filter. A control peptide (GTP-binding peptide of sequence CEGN- 
VRSRELAGHTGY; American Peptide Co.) was similarly linked to BSA. The 
protein concentration of each sample was determined with the Micro BCA 
protein assay kit (Pierce) according to the manufacturer's instructions. The 
conjugates were also analyzed by SDS-PAGE, and cross-linking was confirmed 
by an increase in the molecular weight of the activated BSA after reacting with 
the peptide; both the bl2 CDR H3 and the control peptide caused a similar shift 
in molecular weight. 

HIV-1 neutralization assay. The primary isolate HIV-1 JRFL was assayed for 
neutralization with peripheral blood mononuclear cells as target cells and de- 
tection of p24 in ELTSA as a reporter assay, as described previously (94). 

Nucleotide sequence accession number. The sequences of the heavy and light 
chains of b!2 have been deposited in GenBank (accession no. AAB26315.1 and 
AAB26306.1, respectively). 



RESULTS 

Alanine-scanning mutagenesis of CDR H3 of bl2. In the 

mutagenesis strategy, we chose to compare binding of different 
mutants of bl2 to gpl20 with crude Fab supernatants prepared 
from bacterial cultures (3), which facilitated the rapid analysis 
of a large number of Fab mutants (Fig. 1) that otherwise would 
not have been feasible. Apparent affinities relative to wild-type 
Fab bl2 were measured by ELISA, as described in Materials 
and Methods. As a first step in our analysis of bl2, we per- 
formed a complete alanine scan of the CDR H3 loop and 
tested the mutant Fabs by ELISA to determine their relative 
binding strengths to gpl20. We chose recombinant gpl20 from 
two different strains, one from a primary isolate (gp!20 JRFL ) 
and one from a T-cell-line-adapted strain (gpl20 IUB ), to see 
whether any differences in binding could be found with our 
mutant Fab panel. We also included in our analysis the previ- 
ously described, bl2-specific peptide B2.1, as displayed on fil- 
amentous phage (93). The dissociation constant (K d ) of wild- 
type Fab b!2 against gp^O^, is ~9 nM (62), against the B2.1 
synthetic peptide is «2.5 u.M (93), and against B2.1 phage is 
closer to the K d of the bl2-gp!20 interaction because of the 
constraint that the phage coat imparts to the peptide, although 



a precise K d value of bl2 for the phage-associated peptide is 
difficult to determine (93). 

The results of the alanine scan of the H3 loop of bl2 are 
shown in Fig. 2. Substitution of 7 out of 18 residues in H3 with 
Ala reduced binding of Fab bl2 to both gpl20 JRFL and 
gpl20 inB by greater than 90%. The relevant mutants are 
V95A, Y98A, W100A, QlOOeA, NIOOgA, YlOOhA, and 
YlOOiA. [The CDR H3 of b12 contains a 10-residue insertion. 
In Kabat and Wu numbering (34), these residues are desig- 
nated 100A, 100B, . . 100J. For clarity, these inserted residues 
will be denoted with a lowercase letter after the number of the 
residue position so as to avoid confusion with the mutated 
residue (uppercase) when referring to mutations (e.g., muta- 
tion DIOOaA)]. The loss of antigen binding of the W100A 
mutant was not unexpected from the crystal structure of IgGl 
bl2 and a docking model of bl2 and the gpl20 core (66). 
However, the behavior of some of the other mutants was more 
surprising. 

Substitutions in bl2 that reduced gpl20 binding as much as 
or even more than observed with the W100A mutant included 
V95A, Y98A, QlOOeA, NIOOgA, YlOOhA, and YlOOiA. Most 
of these substitutions are at the base of the CDR H3 and 
involve side chains that are poorly exposed to solvent, as de- 
fined in Fig. 1. Solvent accessibility to side chain (Fig. 1) was 
not, however, predictive of the effect of a substitution on an- 
tigen binding (Fig. 2). The greatest effects of an Ala substitu- 
tion on gpl20 recognition occurred with residues NIOOg, 
YlOOh, and YlOOi at the C-terminal end of H3, which resulted 
in complete loss of gpl20 recognition in our assay (<0.1% 
apparent affinity relative to wild-type bl2). We confirmed these 
results by purifying Fab protein for these mutants and were 
unable to observe significant reactivity with gpl20 even at 20 
pig/ml (data not shown). To further explore these findings, 
additional substitutions were made in these positions and 
tested for binding to gpl20 and the B2.1 peptide (see below). 
Significantly, there was generally good agreement in the rela- 
tive binding of Ala mutants to gpl20 JRFL (primary isolate) and 
gpl20 I1IB (T-cell-line-adapted). 

Thirteen Ala substitutions in H3 had qualitatively similar 
effects on the ability of bl2 to bind to gpl20 and B2.1, sug- 
gesting some similarity in recognition of these antigens by bl2. 
However, the effects of other Fab substitutions such as Y98A, 
W100A, DIOOaA, and DIOObA did not correlate, pointing to 
possible ways of improving the B2.1 peptide as a bl2 epitope 
mimic. 

Mutations in CDR H3 W100. A striking feature in the crystal 
structure of IgGl bl2 is the prominent display of the aromatic 
residue W100 at the apex of the long H3 loop (66). As shown 
in Fig. 2 and 3A, Ala substitution at W100 significantly dimin- 
ished binding of Fab bl2 to gpl20 JRFL and gpl20 1IIB . This 
result was confirmed with purified Fab: the W100A mutant 
inhibited biotinylated Fab-bl2 with an IC 50 of 29 u,g/ml and 50 
u,g/ml for gpl20 JRFL and gpl20 ITIBl respectively, compared to 
an IC 50 of 3 u.g/ml and 1.5 u.g/ml, respectively, for wild-type 
Fab bl2 (data not shown). 

In the bl2-gpl20 docking model, W100 was acting to fill the 
hydrophobic cavity of the CD4bs on gpl20 in a way analogous 
to F43 of CD4. Thus, we also made the W100F mutant to 
determine whether Phe would be more or less favored than 
Trp at this position. Retention of an aromatic ring in the 
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W100F mutant did promote slightly better binding than the 
W100A mutant to both gpl 20s, but the apparent affinity was 
«*10% relative to that of the wild type. Two other mutants, 
W100S and W100V, also had considerably impaired binding to 
both gpl20s. Taken together, these results confirm the impor- 
tance of W100 for bl2 by showing that Trp is preferred over 
four other residues, including another aromatic, Phe, at this 
position. In contrast to the results with the gpl 20s, the W100 
mutants were all able to bind B2.1 at nearly wild-type levels, 
strongly suggesting that W100 is not involved in B2.1 recogni- 
tion. 

Role of Asp residues in CDR H3 of bl2. Another feature of 
the bl2 crystal structure that initially drew our attention was a 
clustered grouping of acidic moieties on one face of the H3 
loop (66). We wondered whether this "acidic patch" was in- 
volved in keeping the H3 loop of bl2 erect via charge repulsion 
with a weakly acidic patch near the base of the H3 loop. The 
residues involved included DIOOa, DIOOb, and DIOOf, as well 
as hydroxyl groups from Ser 99, Ser 100c, and Tyr lOOi (D101 
was not involved in this patch and moreover was found to have 
little involvement in binding to gpl 20 and B2.1 ; see Fig. 2). The 
Ala substitutions (Fig. 2) had mostly moderate effects on bind- 
ing to gpl 20 (**2- to 3-fold-reduced binding relative to wild- 
type bl2). Further mutagenesis (Fig. 3B) yielded mutants 
D100aE, DIOObE, and DIOOfE, the substitutions in which ei- 
ther had no effect (DIOOaE) or again only moderate effects 
(DIOObE and DIOOfE) on binding to gpl 20. Two additional 
mutants were constructed in which all three positions were 
changed to see if there was any cooperative ty among these 



residues. A triple Ala mutant, dubbed 3D3A, and another 
triple mutant, DlOOaN/DlOObN/DlOOfA, dubbed 3D2N, were 
still able to consistently bind to gpl20 JRFL and gp!20 IIIB , albeit 
at somewhat lower levels (data not shown). 

The acidic patch on the paratope of bl2 appears to have 
significance for B2.1 recognition. The Ala mutants DIOOaA, 
DIOObA, and both triple mutants bound to B2.1 much better 
than to wild-type Fab bl2. Interestingly, the DIOOfE mutant 
bound extremely poorly to B2.1 but bound gpl 20 almost as 
well as the wild type. In fact, the DIOOfE mutant bound more 
poorly to B2.1 than the "less conservative" DIOOfA mutant, 
revealing a very distinct requirement for B2.1 recognition at 
position lOOf. 

Mutagenesis in CDR H3 of bl2 N-terminal to W100. Four 
residues N-terminal to W100 in H3 of bl2 were chosen for 
additional study. V95 was chosen because the Ala mutation at 
this position caused severe impairment in binding to gpl20, 
and we wished to determine whether a more conservative 
substitution with He would also reduce binding. Figure 3C 
shows that the V95I mutant bound gpl20 at nearly wild-type 
levels. The extra bulk of a branched aliphatic side chain at this 
position is probably necessary for full activity of bl2. The 
residues P97, Y98, and S99 were also targeted for further 
mutagenesis, inspired by previously published variants of bl2 
(both naturally occurring and in vitro-enhanced variants), in- 
cluding 3B3, in which the sequence EWG is found in place of 
PYS at these positions (4, 5) (Fig. 1A). The Y98W mutant 
indeed bound »3- to 9-fold better to the gpl20s than did 
wild-type Fab bl2 (Fig. 3C). The P97E and S99G mutants 
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bound to gpl20 as well as or only slightly better than wild-type 
bl2. Thus, the enhanced binding of 3B3 to gpl20 presumably 
derives mostly from the preference for a W over a Y at the 
middle position of the EWG motif, with the flanking residues 
perhaps providing additional fine tuning. 

In contrast to the Ala mutant, P97A, B2.1 binding was not 
correlated with gp!20 binding for mutant P97E. Interestingly, 
the substitution Y98W enhanced the binding of Fab bl2 to 
both B2.1 and gpl20, whereas the S99G substitution was silent 
for both gpl20 and B2.1. 

Mutagenesis in CDR H3 of bl2 C-terminal to W100. The 
alanine scan (Fig. 2) showed that residues QlOOe, NIOOg, 
YlOOh, and YlOOi in the C-terminal portion of H3 of bl2 were 
all important for gpl20 recognition and were therefore chosen 
for further mutational analysis. QlOOeN and QlOOeF mutants 
also bound gpl20 with diminished affinity relative to wild-type 
Fab bl2, although the gpl20 binding was significantly im- 
proved for QlOOeF relative to OlOOeA (Fig. 3D). For verifi- 
cation purposes, Fab QlOOeA was purified and used in a com- 
petition ELISA with biotinylated Fab bl2 against gpl20 ITTB ; 
theIC 50 of QlOOeA was «14 Lig/ml, which is nine times greater 
than that of wild-type Fab bl2 (IC 50 **1.5 p.g/ml) and consis- 
tent with the crude Fab ELISA. In the structure of IgGl bl2, 
the side chain of QlOOe is only partially accessible to solvent 



and makes a hydrogen bond with the main chain of A93. A loss 
of this hydrogen bond might destabilize the interaction at the 
base of CDR H3 and could explain the observed reduction in 
binding to gpl20 for the QlOOe mutants. 

Next, we tested more conservative substitutions at position 
NIOOg. Neither an NIOOgD nor an NIOOgQ mutant was able to 
bind either gpl20 JRFL or gpl20 mB , indicating that the removal 
of an amino group or the addition of a methylene group, 
respectively, from the side chain of AsnlOOg was sufficient to 
completely abolish gpl20 recognition in our assay format (Fig. 
3D). In the crystal structure of bl2, the amino nitrogen on the 
side chain of AsnlOOg makes a hydrogen bond with the main- 
chain carbonyl of Gly96; indeed, the side chain of AsnlOOg is 
<10% exposed to solvent (Fig. 1). Again, mutations in 
AsnlOOg most likely affect the structure of the paratope of bl2 
due to the absence of the stabilizing hydrogen bond. Thus, not 
surprisingly, the substitution of AsnlOOg with either His or Tyr 
completely abolished binding to either gpl20 JRFL or gpl20 1IIB . 
The Tyr substitution was chosen because the JH6 family of J 
segments (the J-segment family used by b!2 in VDJ-recombi- 
nation) encodes a repeating string of Tyr residues, and thus 
bl2-like antibodies that also use the JH6 family might encode 
a Tyr at this position. The complete lack of detectable binding 
to gpl20 by any of the lOOg mutants underscores the critical 
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b6 Y1A F1A Y2A F2A 

FIG. 4. Effect of alanine substitutions of the four aromatic residues 
in the H3 loop of b6 on relative binding of Fab b6 to gpl 20jr.pl and 
gpl20 nm . Bars indicate the apparent affinities of Fab mutants relative 
to wild- type (w.t.) Fab b6 for gpl20 JR , FL and gpl20„ IB . The amino acid 
sequence of the H3 loop of b6 is QKPR Y T 1 DLLSGO Y 2 RRVAG 
AF 2 DV (the aromatic residues are in boldface and have superscript 
numbers to correspond with the bar graph). By ELISA, the half- 
maximal binding of the purified Fab of the Y 2 A mutant to gpl20 IIIB 
was 0.4 u.g/ml, which was «50 times lower than the half-maximal 
binding of mutant Fab Y 2 A to gpl20 JRFL , 0.007 u.g/ml (*); half-max- 
imal binding of wild-type Fab b6 to both gpl20 IIIB and gpl20 JRFL was 
determined to be 0.003 u,g/ml (data not shown). 



importance of residue NIOOg in the activity of bl2 (see the 
Discussion). 

In contrast to the irreplaceability of NIOOg, antigen recog- 
nition was found to be at least partially maintained with con- 
servative substitutions to YlOOh and YlOOi. Thus, the 
Y100i(F/W) mutants bound to gpl20 at ~20% to 40% wild- 
type levels (Fig. 3D). These results imply that a bulky aromatic 
at position lOOi is required by Fab bl2 for recognition of gpl20 
but that the added hydroxy! group of TyrlOOh is important for 
full antigen binding. By contrast, only a Tyr residue appears to 
be sufficient for gpl 20 recognition at position lOOh, but the 
YlOOhF mutant was able to bind B2.1 at wild-type levels. 

Aside from mutant YlOOhF, all the other bl2 H3 mutants 
(conservative mutations C-terminal to W100) had impaired 
binding to B2.1. Interestingly, a Phe substitution at YlOOh but 
not at YlOOi fully restored B2.1 binding. This may reflect the 
observation that the two Tyr residues are pointing in roughly 
opposite directions in the crystal structure of bl2. 

Substitution of aromatic residues in H3 loop of nonneutral- 
izing anti«CD4bs antibody b6. Following our analysis of the H3 
loop of bl2, we were particularly interested in the role of 
aromatics because substitution to Ala of all four aromatics in 
the H3 loop of bl2, not only W100, caused a >95% decrease 
in relative binding to gpl20. Thus, we chose to see if H3 loop 
aromatics were important in the function of another anti- 
CD4bs antibody, b6, which, like bl2, has a long H3 loop with 
four aromatic residues but does not neutralize primary isolates 
of HIV-1 (62). The sequence of the H3 loop of b6 is given in 
Fig. 4, and the aromatic residues are designated Y'A, F*A, 
Y 2 A, and F 2 A. The results (Fig. 4) indicated that in contrast to 
bl2, mutation to Ala of only one of the four aromatics in the 
H3 of b6, Y 2 A, led to a severe decrease in binding of Fab b6 to 
gpl20 and only to gpl20 mB and not gpl20j R _pL. In fact, the 
Y 2 A substitution decreased the half-maximal binding of puri- 
fied Fab b6 to gpl20 1IIB from 0.003 u,g/ml to 0.4 u<g/ml, which 
was far more severe than the change in half-maximal binding to 
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FIG. 5. Effect of substitutions in the H2 loop of bl2 on relative 
binding of Fab bl2 to gpl 20^.,^ gpl20„ IB , and the B2.1 peptide. Bars 
indicate the apparent affinities of Fab mutants relative to wild-type 
(w.t.) Fab bl2 against gpl20jR.pL, gpl20 I1IB , and the B2.1 peptide. The 
mutations P52aA and Y53G were back mutations to the residues en- 
coded by the closest related germ line DNA (see Fig. 1). 



gpl20 JRFL (from 0.003 jig/ml to 0.007 p.g/ml; data not shown). 
The differences in the roles of H3 aromatics between b!2 and 
the poorly neutralizing antibody b6 are striking and are dis- 
cussed below. 

bl2 H2 mutations. In the bl2-gpl20 docking model (66), it 
was predicted that residues in H2 could contact gpl20. Resi- 
due Y53 is the most prominent in H2, points directly toward 
gpl20 in the model, and occupies a large space in the bl2- 
gpl20 interface. We suspected that residue P52a might also 
play a role in gpl 20 recognition by maintaining the H2 loop in 
a particular conformation rather than by making extensive 
contact with gpl 20. Interest in residues P52a and Y53 was also 
strong because these were nonconservatively mutated from the 
residue encoded by the closest germ line genes at these posi- 
tions, Ala and Gly, respectively. The germ line genes closest to 
bl2 are DPK22 and DP-25 (http://imgt.cnusc.fr:8104/ [17, 78]) 
for the light and heavy chains, respectively, and the residues 
they encode are shown for each CDR in Fig. 1. The strategy of 
using germ line "back mutations" for evaluating residues out- 
side of H3, where somatic mutation is key to generating resi- 
due diversity, was adopted to determine the dependence of bl2 
binding on somatic mutation. Residues N52 and N56 were also 
in the interface between bl2 and gpl20 and thus were targeted 
for mutagenesis. 

With the exception of Y53G, the H2 substitutions had only 
moderate to slight effects on Fab binding to gpl20 IIIB , 
gpl20 JRFU and B2.1 (Fig. 5). Residue N52 was predicted to 
make relatively minor contact with gpl20, and correspondingly 
the N52A substitution only moderately diminished binding 
against gpl20 ITIB . Interestingly, the N56A mutant bound gpl20 
at wild-type levels (Fig. 5), implying that this residue does not 
significantly contribute to gpl20 binding. Residue N56 docks in 
close proximity to residue K362 of gpl 20; however, the side 
chain of N56 points away from the contact surface, potentially 
accounting for the absence of an effect on gpl 20 binding of the 
N56A substitution. The P52aA substitution was expected to 
affect H2 loop structure rather than replace a contact residue, 
and the effect on gpl20 binding was moderate (i.e., « 2-fold 
reduction in apparent affinity for gpl20), indicating that P52a 
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FIG. 6. Effect of substitutions in the CDR loops LI and L3 of bl2 
on the relative binding of Fab bl2 to gpl20 JR _ FL , gpl20„ m , and the 
B2.1 peptide. Bars indicate the apparent affinities of Fab mutants 
relative to wild-type (w.t.) Fab bl2 for gpl20 JR . FL , gpl20 HTB , and the 
B2.1 peptide. The mutations R29S, R31S, and R32Y were back muta- 
tions to the residues encoded by the closest related germ line DNA 
(see Fig. 1). 



has a rather modest role in gpl20 binding. The Y53G substi- 
tution, by contrast, greatly diminished the binding of bl2 to 
gpl20, suggesting that Y53 contributes significantly to the 
binding energy between b!2 and gpl20. Residue Y53 pro- 
trudes to form a second "finger" in the paratope of bl2 and 
was predicted to bury into a canyon in gpl20 (see Discussion). 
The Y53G substitution had little effect on B2.1 recognition, 
implying that B2.1 does not contact Y53, considering that the 
side chain of Y53 is mostly solvent exposed (Fig. 1). We note 
that attempts to purify the Y53G mutant resulted in a some- 
what impure Fab preparation that bound poorly to gpl20 and 
B2.1 (data not shown), whereas the crude Fab bound B2.1 at 
wild-type levels, suggesting that this mutant might be unstable 
to the purification conditions, which involve acid elution. 

bl2 LI and L3 mutations. Finally, the b!2-gp!20 docking 
model indicated that various residues in CDRs LI and L3 
could play a role in binding to gpl20. Residues R29, R31, and 
R32 in LI were chosen for substitution to S, S, and Y, respec- 
tively, because the closest germ line genes encode the substi- 
tuted residues at these positions. S30 was changed simply to 
Ala because the closest germ line gene already encodes a Ser 
at this position. The results indicate that all four of these LI 
mutants were essentially unable to recognize gpl20 (Fig. 6) 
and suggest that somatic mutations found in this loop are 
essential to bl2 specificity. Two mutations were made in L3 
(A93Y and S94A), also based on predictions of their interac- 
tion with gpl20. The A93Y mutant suffered a significant loss in 
gpl20 binding (Fig. 6). Fab A93Y was purified and used in a 
competition ELISA with biotinylated Fab bl2 against 
gpl20 IIIB ; the IC 50 of A93Y was «* 10 u,g/ml, which is six to 
seven times greater than that of wild-type Fab bl2 (IC 5n ** 1.5 
ixg/ml) and consistent with the crude Fab ELISA. Unfortu- 
nately, the S94A mutant was found to be poorly produced in 
crude bacterial supernatants relative to the wild type (> 10-fold 
reduction; data not shown), precluding a quantitative analysis 
of binding of the latter Fab mutant. Nevertheless, binding of 
the S94A Fab mutant to gpl20 was detectable despite the low 
concentration of Fab in the supernatants, and we were able to 
conclude that the S94A mutation is at least not a complete 
knockout mutation (data not shown). 



Whereas the mutations in LI completely knocked out the 
binding of Fab bl2 to both B2.1 and gpl20 in our assay, the L3 
mutation, A93Y, abolished binding to B2.1, but binding to 
gpl20 was maintained, albeit at ^10% of wild-type levels (Fig. 
7). It is unclear whether the residues in LI contact gpl20 or if 
their mutation disrupts the bl2 paratope. However, it appears 
that A93Y is important for B2.1 recognition because the para- 
tope of the A93Y mutant was sufficiently intact to bind to 
gpl20 with measurable affinity (Fig. 7). As for the poorly pro- 
duced Fab mutant S94A, the result was similar for B2.1 as for 
gpl20; at most, only a moderate effect on B2.1 binding was 
expected for this mutation (data not shown), although a quan- 
titative analysis was not attempted. 

Neutralization of HIV-1 by synthetic CDR H3 bl2 peptide. 
We recently reported the neutralization of the T-cell-line- 
adapted strains HIV-1 MN and HIV-1, IIB by a conjugate of BSA 
and a synthetic peptide corresponding to the H3 loop of bl2 
(66). This neutralizing activity against HIV-1 MN and HIV-1 IIIB 
was specific because a conjugate of BSA and an irrelevant 
peptide did not neutralize virus (66). We present here some 
additional observations. Whereas neutralization of FITV-1 was 
found for HTV-1,^ and HTV-l lIIB in H9 cells at <1 mg of 
conjugate per ml (IC 75 0.5 mg/ml for each [66]), no neutral- 
ization at 4 mg of the peptide-BSA conjugate per ml was 
observed for the primary isolate HIV-1 JRFL in a peripheral 
blood mononuclear cell assay (data not shown). It should be 
noted that, in our hands, neutralization (IC 90 ) of HIV-1 JRFL 
occurs at ~0.8 p,g of IgGl bl2 per ml (94), so HIV-1 JRFL is as 
sensitive to neutralization by IgGl bl2 as HIV-1, IIB (IC 90 <** 
0.5 p-g/ml). Thus, although T-cell-line-adapted viruses were 
neutralized at high concentrations of the b!2 H3 peptide con- 
jugate, the primary isolate, HIV-1 JRFL was not neutralized by 
the same conjugate. 

We also wished to determine whether a direct interaction 
between the b!2 H3 peptide and recombinant gpl20 could be 
established. By direct ELISA, no specific interaction between 
the b!2 H3 peptide or the bl2 H3 peptide-BSA conjugate and 
gpl20 was detected by immobilizing either the peptide or re- 
combinant gpl20 (JRFL and IIIB) and then probing with the 
partnering molecule (data not shown). Similarly, by competi- 
tion ELISA, high concentrations of bl2 H3 peptide (0.5 mg/ 
ml) or bl2 H3 peptide-BSA conjugate (4 mg/ml) did not inhibit 
the ELISA signal generated by Fab bl2 against immobilized 
recombinant gpl20 (JRFL and IIIB; data not shown). Thus, it 
appears that, although the bl2 H3 peptide-BSA conjugate 
neutralizes the T-cell-line-adapted viruses HIV-1 MN and HIV- 
1ittb> we could not demonstrate a specific interaction between 
the conjugate and recombinant gpl20, at least by direct and 
competition ELISAs, which may not detect interactions with 
high micromolar to millimolar dissociation constants. These 
results may be explained at least in part by differences in the 
conformation of gp!20 as it exists in the trimeric envelope 
spike, as probed in neutralization assays versus recombinant, 
plate-immobilized gpl20, as probed by ELISA. 

DISCUSSION 

In the current study, we examined the antigen binding site of 
bl2 with site-directed mutagenesis to create 50 mutations in- 
volving 27 different residues in four different CDRs of bl2. We 
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found that the use of crude Fab supernatants was reproducible 
and efficient, allowing the simultaneous analysis of a large 
number of Fab mutants against a panel of antigens. This type 
of mutational analysis can easily be adapted for other Fabs or 
single-chain Fvs that are amenable to production in E. coli, and 
we are currently using this approach for other antibodies 
against HIV-1. One potential drawback of the analysis is that 
if a substitution leads to diminished antigen binding, it is not 
known whether it is due to a direct effect on affinity for antigen 
or an effect on Fab stability or folding. However, we targeted 
residues in the CDR loops, most of which were at least par- 
tially exposed to solvent. For buried residues such as V95, 
NIOOg, and YlOOi, it is possible that Ala substitution might 
partially unfold these mutants. Nevertheless, of the mutants 
that were chosen to be purified, W100A, QlOOeA, NIOOgA, 
YlOOhA, A93Y, and Y53G, most gave favorable yields of Fab 
and produced a single 50-kDa band by SDS-PAGE, suggesting 
that the Fabs were largely intact and not degraded. Moreover, 
the purified Fabs generally showed activities against gpl20 very 
similar to those of the crude Fabs. 

A very strong correlation was found for binding of the mu- 
tants to both gpl20 TIIB and gp 120jr.pl. This correlation is 
consistent with a common binding mechanism of bl2 to both 
the T-cell-line-adapted and primary isolate gpl20 and is per- 
haps not surprising for an antibody with such broad reactivity 
to diverse HIV-1 envelopes (11, 54, 79). W100 was found to be 
important, as its substitution generally decreased binding of 
bl2 to gp!20. This result is also consistent with a prior exper- 
iment in which a portion of the gene segment encoding the H3 
loop of bl2, including W100, was randomized and incorpo- 
rated into a phage display library and the library was affinity 
selected against gp!20. A Trp residue at position 100 was 
absolutely conserved in all clones selected (5). These data 
caused us to speculate that perhaps a Trp residue (bl2) might 
be superior to a Phe (CD4) in filling the hydrophobic pocket in 
gp!20 that is important for CD4 receptor engagement (Phe43 
is used to fulfill this role in CD4 [39]). However, an F43W 
mutant of CD4 did not show enhanced binding to gpl20 but 
rather bound more poorly (i.e., the F43W mutant bound to 
gpl20 at ~9% of wild-type CD4 levels, and F43Y bound gpl20 
at «40% of wild-type CD4 levels; Raymond Sweet, personal 
communication). In addition to W100, the three remaining 
aromatics in the H3 loop of b1 2 appeared to be important for 
gpl20 recognition; mutation of any of four aromatics (Y98, 
W100, YlOOh, and YlOOi) to Ala resulted in >95% decrease in 
relative binding to gpl20. 

By contrast, mutation to Ala of only one of four aromatics 
(i.e., residue Y 2 , as defined in Fig. 4) in the H3 loop of the 
poorly neutralizing anti-CD4bs antibody b6 resulted in a 
>95% decrease in relative binding to gpl20 and then only to 
one of the two strains, IIIB (Fig. 4). In fact, for the Y 2 A mutant 
of Fab b6, a much greater binding differential was found be- 
tween gpl20 strains than for any of the 50 bl 2 mutants (Fig. 4). 
This result highlights a striking difference in the way that the 
aromatics of bl2 and b6 are used to bind gpl20, at least with 
respect to their H3 loops, even though the footprints of b6 and 
bl2 on gpl20 appear to be relatively similar (55). The H3 loop 
of an antibody is usually crucial in determining its specificity 
(82, 89). It may be that W100 (bl2) and Y 2 (b6), each of which 
is located near the middle of their long H3 loops, probe dif- 



ferent regions within the CD4bs of gpl20. Broadly neutralizing 
molecules such as bl2 and CD4 might be able to occupy the 
conserved hydrophobic pocket of gpl20, whereas b6 may not 
possess this ability. We speculate that the b6 H3 loop lacks 
rigidity and might lie across the CD4bs of gpl20 rather than 
inserting into it like bl2. Given that the Y 2 A mutation of b6 
leads to significant strain preference (Fig. 4) but W100A of bl2 
does not, the Y 2 residue could be interacting with or proximal 
to a region of gp!20 that is relatively variable. 

Recently, Zhu et al. showed that an engineered molecule 
(MBri) containing the V1/V2 loop and a portion of the bridg- 
ing sheet of gpl20 (i.e., (32, (33, (320, and p21) was able to bind 
to bl2 (91). These authors showed that a V3 loop peptide is 
able to partially inhibit the binding of bl2 to MBri and attrib- 
uted this effect to a physical interaction between the V1/V2 
loop and V3 loop. One might speculate that bl2 is able to bind 
to gpl20 in spite of an interaction between variable loops on 
the native trimer, whereas other anti-CD4bs antibodies, such 
as b6, cannot. In this vein, we have observed that most anti- 
CD4bs antibodies but not bl2 inhibit the binding of a novel 
loop-dependent antibody to gpl20 (MBZ; Robert Kelleher, 
Richard Jensen, Aran Labrijn, Meng Wang, Gerald Quinnan, 
Paul W. H. I. Parren, and Dennis R. Burton, submitted for 
publication), suggesting that the variable loops affect other 
anti-CD4bs antibodies in a manner different from how they 
affect bl2. 

Further comparative studies, both structural and functional, 
between bl2 and other nonneutralizing anti-CD4bs antibodies 
like b6 could help elucidate the conformational differences 
between monomeric gpl20 and trimeric gpl20 on the HIV-1 
envelope spike. In terms of vaccine design, these types of 
analyses should be extremely helpful to the design of improved 
gpl20 constructs that would elicit b!2-like antibodies by max- 
imizing the exposure and immunogenicity of the bl2 epitope 
while limiting the antibody response against overlapping 
epitopes targeted by b6 and other poorly neutralizing anti- 
CD4bs antibodies. 

A molecular (ribbon) model of the Fab of bl2 (Fig. 7A) 
illustrates the relative orientations of the CDRs and the prom- 
inent H3 loop. Figure 7B details the contour of the H3 loop 
and how the H3 polypeptide extends down on either side from 
W100 in an extended (3-ladder with a distinct twist. The (3-Iad- 
der is roughly 4 A in width and contains five hydrogen bonds 
between strands; most notably, the main-chain carbonyl of G96 
hydrogen bonds with the amino group of the side chain of 
NIOOg. Our data strongly suggest that this stabilizing hydrogen 
bond is crucial for the interaction of bl2 with both gpl20 and 
B2.1, since mutation of NIOOg to A, D, Q, H, or Y completely 
abolishes bl2 binding to gpl20 and B2.1. Another potentially 
loop-stabilizing hydrogen bond exists between QlOOe and A93, 
and we found that changing QlOOe to Ala, Asn, or Phe resulted 
in diminished binding to gpl20. We note that in a recent and 
related study by McHugh et al. (47), it was shown by muta- 
tional analysis of a single chain Fv fragment corresponding to 
a bl2 variant, 3B3-PE, that gpl20 recognition was enhanced 
« 2-fold by a QlOOeY mutation. Thus, it appears that an aro- 
matic residue at QlOOe is compatible with strong gpl20 bind- 
ing in certain contexts. 

The last few C-terminal residues of the H3 loop of bl2 are 
encoded by DNA contributed by the joining region, which, in 
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the case of bl2, belongs to the family JH6 (4). The JH6 seg- 
ment of DNA can potentially contribute up to six consecutive 
Tyr residues. We considered the possibility that this portion of 
the H3 loop of bl2 may be a part of a more conserved and 
general structural motif, since a single segment of DNA en- 
codes it as a group. We performed a database search (1) on the 
motif NYYMDV and found only three exact matches: one is 
an antihapten human heavy chain, VH-37 (accession no. 
S46393 [25]), and two are highly homologous antibodies 
against rhesus D blood group antigen (accession no. Y08177 
and Y08I86; S. M. Miescher, personal communication). Un- 
fortunately, no structure for these antibodies is currently avail- 
able to compare with that of IgGl bl2. 

The strong dependence of bl2 on a CDR of the light chain 
is consistent with a previous chain-shuffling experiment in 
which the heavy chain of b!2 exclusively paired with the same 
light chain following affinity selection on gpl20 (4). Signifi- 
cantly, of the six non-H3 mutations that were found to de- 
crease gpl20 binding by >90%, four arose via somatic muta- 
tion, and three of these were in LI. [The four substitutions, 
G53Y(H2), S29R, S31R, and Y32R, (LI) were determined to 
have arisen via somatic mutation on the basis of sequence 
alignment (http://imgt.cnusc.fr:8104/home.html) with known 
human germ line genes (see Fig. 1), and their positions in the 
paratope of bl2 can be seen in Fig. 7C and D.] Although germ 
line antibodies can neutralize some viruses (35), given our 
results, it is very unlikely that a nonsomatically mutated version 
of bl2 would have any HIV- 1 -neutralizing activity. 

In a prior experiment, the gene segment encoding six resi- 
dues in LI (including R29, R31, and R32) was randomized and 
incorporated into a phage display library, and the library was 
affinity selected against gpl20. Although there was positive 
selection for Arg residues in the enriched phage pools, the 
highest-affinity variant differed from bl2 at every targeted po- 
sition but R32, which was absolutely conserved in all the clones 
sequenced (90). The LI sequence of the highest-affinity Fab is 
identical to that of H31L42, its whole-IgG counterpart (37) 
(Fig. 1). Note, however, that the multiple substitutions in CDR 
LI of H31L42 occurred in the background of additional sub- 
stitutions in H3 and HI, and the effects of most of these 
substitutions on affinity for gpl20 were nonadditive (90). 

A footprint of the putative contact residues of bl2 on the 
deglycosylated core of gpl20 (39), according to our docking 
model (66), is shown in Fig. 7E. The bl2 residues whose sub- 
stitution diminished gp!20 binding by >95% relative to the 



wild type are indicated by asterisk. A useful guide in orienting 
the two molecules is the insertion of the "fingers" H3 (W100) 
and H2 (Y53) of bl2 into the CD4 hydrophobic pocket and 
into a gap between T373 and N386 in gpl20, respectively. The 
diminished gpl20 binding of mutants W100A, Y98A, and 
Y53G are supportive of and supplement the model. 

We postulate that W100 and Y53 contribute to the binding 
energy of bl2 to gpl20 largely by burying into a hydrophobic 
pocket and canyon, respectively, on either side of a ridge in- 
cluding S365 and D368 on gpl20. Y98 of bl2 is also very close 
to the S365-D368 ridge, which has been shown to be important 
for b!2 binding by mutational analysis (55). Residues R29 and 
R32 in LI are in close proximity to residues N276/K282 and 
N280/A281 in the D-loop of gpl20, respectively. A recent mu- 
tational analysis of gpl20 shows that substitutions N276A, 
K282A, and N280A slightly enhance, diminish, and have no 
effect on the binding of bl2 to gpl20, respectively (55). 

From the crystal structure of bl2, we calculated that the side 
chain of R32 was only partially accessible to solvent (Fig. 1), 
suggesting that the observed effect of the R32Y substitution 
may be due more to changes in local paratope structure than to 
direct contact with gpl20. By contrast, the side chain of R29 is 
mostly accessible to solvent, suggesting that this residue might 
contact gpl20. Alternatively, long-range electrostatic effects 
due to the cluster of basic residues in LI might play a signifi- 
cant role in the observed effects caused by replacing any one of 
these bl2 residues. N56 of bl2 docks in close proximity to K362 
of gpl20; however, the N56 side chain points away from the 
hydrophobic canyon into which Y53 is situated, potentially 
explaining the absence of an effect on gpl20 binding of sub- 
stituting this residue. We would also add the caveat that some 
Ala substitutions can be energetically neutral in receptor-li- 
gand interactions, despite replacing contact residues, as found 
for example in the Fab D1.3-hen egg white lysozyme complex 
(18). Exactly how the bl2 residues discussed above spatially 
relate to residues in gpl20 will require determination of a 
crystal structure of bl2 in complex with gpl20. 

Despite the extreme differences between gpl20 (^120 kDa, 
heavily glycosylated protein) and the B2.1 peptide (dimer «* 
4.3 kDa, nonglycosylated peptide), there are many similarities 
in the effects of bl2 mutations on its binding to these antigens: 
36 mutations had qualitatively similar effects, whereas 14 had 
different effects. A recently solved crystal structure of Fab bl2 
in complex with the B2.1 peptide should help in identifying 
which of these residues represent differential contacts for B2.1 



FIG. 7. Molecular features of the paratope of hi 2. (A) Tube diagram (36) of the combining site of Fab b12, showing the position of the 
protruding H3 loop relative to the other CDRs. Residues in H3 for which replacement by Ala resulted in a >95% decrease in apparent affinity 
to gpl20 relative to wild-type (w.t.) bl2 are labeled. (B) Stereo diagram of a ball-and-stick representation (24, 36) of the H3 loop of b!2. The key 
residues that were labeled in A are labeled in red. (C and D) Molecular surface rendering (64, 65) of the bl 2 paratope (C, side view; D, top view). 
The light chain is colored pink, and the heavy chain is colored yellow. Residues that upon substitution caused a >95% decrease in apparent affinity 
to gp!20 relative to wild-type bl2 are indicated (solid outline). Note that residue YlOOi is buried. Residues SlOOc, PlOOd, A93, and S94 (dotted 
outline) are shown for facile comparison with panel E. The bl2 structure is taken from Saphire et al. (66). (E) Crystal structure of the gpl20 core 
(39) with the residues of bl2 that are predicted from the docking model (66) to be in close proximity to the outlined region on gpl20. Thus, the 
labeled residues are those of bl2, not gpl20. Putative footprints in pink and yellow are from light- and heavy-chain residues, respectively. Asterisks 
(*) indicate the predicted contact residues that were also found to be critical for gpl20 recognition by mutational analysis in this study, as defined 
in panels C and D. Note: a crystal structure of bl2 in complex with core gpl20 is as yet unavailable. (F) Sequence conservation map of core gpl20 
as defined by Kwong et al. (39). Residues in blue are conserved among all primate retroviruses, residues in green are conserved among all HTV-1 
isolates, residues in yellow are moderately conserved among all HIV-1 isolates, and residues in grey are variable. Carbohydrate has been modeled 
onto the core structures (39) of gp!20. 
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and gp120 (E. O. Saphire, M. Montero, A. Menendez, M. B. 
Irving, M. B. Zwick, P. W. H. I. Parren, D. R. Burton, J. K. 
Scott, and I. A. Wilson, submitted for publication). The 
DIOOfE mutation, in particular, is interesting because it is 
conservative yet it severely impairs bl2 binding to B2.1, 
whereas gpl20 binding is almost unchanged. In addition, mu- 
tations DIOOaA, DIOObA, 3D3A, and 3D2N all enhance bl2 
binding to B2.1 but reduce binding to gpl20, suggesting that 
the "acidic patch" on the H3 loop (66) is more favorable for 
binding to gpl20 than to B2.1. It is also noteworthy that bind- 
ing of the W100 mutants to the B2.1 peptide was the same as 
wild-type b!2, which may be expected since B2.1 does not have 
a deep hydrophobic cavity like gpl20. 

IgGl bl2 is one of a very few antibodies that exhibit potent 
cross-isolate anti-HIV-1 neutralizing activity (7, 8, 11, 21, 37, 
79). It is therefore instructive to gather structural and func- 
tional information with respect to the neutralizing activity of 
IgGl bl2 in the hope of learning how to reproducibly elicit 
b!2-like antibodies. From the antibody perspective, a question 
that surfaces in regard to this goal is how close to bl2 does an 
antibody need to be in order to have the same ability to neu- 
tralize HTV-1. Two possibilities may exist: bl2 is a unique 
specificity that cannot be reproduced with antibodies with low 
sequence homology to bl2, or the specificity of bl2 may be 
reproduced by a wide spectrum of nonhomologous antibodies. 

Obviously, the former possibility would present a much 
greater challenge to template-driven vaccine design in that 
only anti-CD4bs antibodies that use the same germ line genes 
as bl2 and have the correct critical residues in the CDRs would 
be broadly HIV-1 neutralizing. Some of these crucial residues 
are encoded by non-germ line DNA sequences. However, one 
of the very hallmarks of the humoral immune response is its 
ability to devise novel solutions to biomolecular recognition 
with molecules that have low sequence homology (i.e., the 
variable regions of antibodies) yet can still recognize the same 
epitope. Such plasticity in antigen recognition has been ob- 
served in other ligand-receptor systems (84). Clearly, addi- 
tional broadly neutralizing anti-CD4bs antibodies are sorely 
needed in order to determine whether or not the key molecular 
features of bl2, such as the long and rigid CDR H3 finger, the 
positively charged shelf-like structure in LI, and the high level 
of somatic mutation in bl2, are required of other anti-CD4bs 
antibodies in order to be as broadly neutralizing against 
HIV-1. 
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IgGl bl2 is a broadly neutralizing antibody against human immunodeficiency virus type 1 (HIV-1). The 
epitope recognized by bl2 overlaps the CD4 receptor-binding site (CD4bs) on gpl20 and has been a target for 
vaccine design. Determination of the three-dimensional structure of immunoglobulin Gl (IgGl) bl2 allowed 
modeling of the bl2-gpl20 interaction in which the protruding third complementarity-determining region 
(CDR) of the heavy chain (H3) was crucial for antibody binding. In the present study, extensive mutational 
analysis of the antigen-binding site of Fab bl2 was carried out to investigate the validity of the model and to 
identify residues important for gp!20 recognition and, by inference, key to the anti-HTV-1 activity of IgGl bl2. 
In all, 50 mutations were tested: 40 in H3, 4 each in H2 and LI, and 2 in L3. The results suggest that the 
interaction of gpl20 with H3 of bl2 is crucially dependent not only on a Trp residue at the apex of the H3 loop 
but also on a number of residues at the base of the loop. The arrangement of these residues, including aromatic 
side chains and side chains that hydrogen bond across the base of the loop, may rigidity H3 for penetration of 
the recessed CD4-binding cavity. The results further emphasize the importance to gpl20 binding of a T^r 
residue at the apex of the H2 loop that forms a second finger-like structure and a number of Arg residues in 
LI that form a positively charged, shelf-like structure. In general, the data are consistent with the bl2-gpl20 
interaction model previously proposed. At the gene level, somatic mutation is seen to be crucial for the 
generation of many of the structural features described. The Fab bl2 mutants were also tested against the bl2 
epitope-mimic peptide B2.1, and the reactivity profile had many similarities but also significant differences 
from that observed for gpl20. The paratope map of bl2 may facilitate the design of molecules that are able to 
elicit bl2-iike activities. 



It is of fundamental importance to the global human immu- 
nodeficiency virus type 1 (HIV-1) vaccine effort to look for 
potential ways in which to elicit an effective neutralizing anti- 
body response against HIV-1 (6, 8, 10, 27, 32, 53, 68, 88, 92). 
The target of neutralizing antibodies against HIV-1 is the en- 
velope spike, which consists of the surface glycoprotein gpl20 
and the transmembrane protein gp41. Although not formally 
proven, it is generally accepted that the spike is a trimer of 
gpl 20-gp41 heterodimers (12, 13, 33, 40, 60, 83, 87). One of the 
consequences of this quaternary arrangement is that a number 
of conserved epitopes that are well exposed on purified, mo- 
nomeric gpl20 and gp41 are buried or partially buried in the 
trimeric gpl20-gpl20, gp41-gp41, or gpl20-gp41 interfaces 
within the native spike (29, 62, 67, 69, 86). The relative inac- 
cessibility of conserved epitopes in the trimeric spike likely 
explains the paucity of neutralizing monoclonal antibodies 
against HTV-1 (8) as well as the low titers of isolate cross- 
neutralizing antibodies typically found in the serum of animals 
or humans immunized with soluble envelope protein (15, 20, 
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21, 23, 26, 45, 72, 81, 85) or even during natural infection with 
HIV-1 (38, 48). 

Nevertheless, a few broadly neutralizing antibodies against 
HIV-1 have been described. Immunoglobulin Gl (IgGl) bl2 
binds to the CD4 receptor binding site (CD4bs) on gpl20 (4, 
9,11, 62), 2G12 binds to a carbohydrate- rich epitope on the 
silent face of gpl20 (63, 70, 80), and 2F5 binds to a linear 
epitope close to the membrane on the ectodomain of gp41 (52, 
61, 94). In addition, three novel antibodies have recently been 
identified as having broad neutralizing activity: Fab X5, which 
binds an epitope on gpl20, the exposure of which is enhanced 
by CD4 binding (51), 4E10 (74, 94), and Z13 (94), which bind 
immediately C-terminal to 2F5 on gp41. These antibodies 
stand out among the population of known human antibodies as 
being relatively potent and able to neutralize a wide range of 
primary isolates of HIV-1 (21, 51, 94) and in combination have 
been shown to neutralize HIV-1 with some degree of synergy 
(43, 95). Moreover, IgGl bl2 has recently been shown to be 
effective at neutralizing primary isolates of subtype C, which is 
responsible for the greatest number of infections worldwide 
(7). Importantly, IgGl bl2 is able to completely protect ma- 
caques against vaginal challenge with the simian immunodefi- 
ciency virus-HTV hybrid SHIV 162P4 (58). This study, together 
with other passive antibody protection studies (2, 14, 44, 46, 56, 
73), establishes parameters by which antibody can mediate 
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sterile protection against retroviral challenge and illustrates 
the potential of broadly neutralizing antibodies for controlling 
HIV-1, at least in animal models. 

Of the panel of broadly neutralizing anti-HIV-1 monoclonal 
antibodies, IgGl bl2 is the best characterized at the molecular 
level. Somatic variants of bl2 were available essentially since 
its discovery by phage display methodology, providing an early 
indication of residues in the antibody variable regions that 
influence binding activity (4, 9, 57). Later, in vitro selection 
experiments were performed in which a complementarity de- 
termining region (CDR) walking strategy was used to identify 
variants of bl2 with greater affinity for monomeric gpl20 and, 
in some cases, with an enhanced ability to neutralize HIV-1 (5, 
90). Recently, the three-dimensional structure of the whole 
IgGl bl2 molecule was determined (66), providing a structural 
framework for attempts to elucidate its broadly neutralizing 
activity. In particular, a Trp residue displayed at the apex of a 
long protruding H3 loop may allow bl2 to penetrate and fill the 
hydrophobic cavity of the CD4bs on gpl20 in a way analogous 
to Phe43 of CD4 (66). From a docking model of bl2 with the 
core of gpl20 (39), bl2 also makes contacts on the inside face 
of the V1/V2 loop stem of gp!20 and with the D loop of gpl20 
by a canyon created by CDRs H3, LI, and L3 (66). This model 
can now be tested by additional structural and functional stud- 
ies. 

IgGl bl2 is also arguably the best characterized of a group 
of antibodies known as anti-CD4bs antibodies, which compete 
with CD4 and with each other in binding to gpl20. Many 
human anti-CD4bs antibodies (besides IgGl bl2) have been 
described by various groups (49, 50, 75), including 15e (30), 
F105 (76), F91 (50), 1125H (77), 21 h (30, 75), 654-30D (41), 
and Fab b6 (57, 62), the last of which was isolated from the 
same seropositive subject from whom b 12 was cloned. These 
anti-CD4bs antibodies often show broad reactivity with mono- 
meric gpl20s from different isolates of HIV-1 but do not, 
however, show the neutralizing activity of bl2 (21, 22, 62). The 
difference has been associated with the ability of bl2 but not of 
other anti-CD4bs antibodies to bind well to the trimeric enve- 
lope spike on the surface of virions (59). It would seem that 
bl2 is able to bind with reasonably high affinity to both mono- 
meric and trimeric forms of gpl20, whereas the other CD4bs 
antibodies bind well only to the monomeric form. 

Clearly, one would like to have immunogens capable of 
eliciting bl2-like antibodies. To this end, we have been explor- 
ing the interaction of bl 2 with gpl20from a number of aspects. 
These include determination of the crystal structure of bl2 
(66), docking of bl2 with the structure of the core of gpl20 
(66), and examination of the effects of mutations of gpl20 
residues on the bl2-gpl20 interaction (55). Here, we ap- 
proached the problem from the point of view of the antibody 
by attempting to identify the key structural features of bl2 
required for gp!20 binding through extensive mutagenesis of 
bl2 residues. At the same time, for comparative purposes, we 
looked at the effects of mutations on the interaction of bl2 
with a peptide mimotope, B2.1, that binds bl2 specifically and 
is being studied as a vaccine lead (93). The results provide 
functional data relevant to the docking model presented pre- 
viously (66) and reveal specific requirements at the tip and 
base of the CDR H3 finger of bl2 for gpl20 recognition. In 
addition, a cluster of arginine residues in the CDR LI region 



forming a shelf-like structure and a prominently displayed Tyr 
residue in CDR H2 are shown to be crucial. The potential 
implications for eliciting bl2«like antibodies by vaccination are 
discussed in terms of the demands that this puts on the anti- 
body repertoire. 

MATERIALS AND METHODS 

Mutagenesis and crude Fab preparation. b!2 Fab mutants were engineered 
with the QuikChange mutagenesis kit (Stratagene) according to the manufac- 
turer's directions with pComb3H vector DNA, encoding wild-type b!2 Fab, as 
the template. A similar approach was used to engineer the Fab b6 mutants. The 
sequences of the mutant clones were verified by DNA sequencing within the 
variable regions. A complete list of the Fab bl2 mutants engineered in this study 
is included in Fig. 1. The CDRs were defined with IMGT delimitations (hup: 
//imgt.cnusc.fr:8104/home.html) (42) except for H3, for which conserved residues 
A93 and R94 were omitted, as per the Kabat and Wu definition (34). 

The preparation of crude Fab supernatants has been described previously (3). 
Briefly, the mutant clones, wild-type bJ2, and an irrelevant Fab negative control 
were transformed separately into Escherichia coli XLl-Blue cells (Stratagene), 
and single colonies were used to inoculate 10-ml cultures in SB medium con- 
taining 50 u.g of carbenicillin and 10 jig of tetracycline per ml. The cultures were 
shaken at 300 rpm at 37°C for 6 to 8 h, then induced with 1 mM isopropylthio- 
galactopyranoside (IPTG), and incubated overnight at 30°C with shaking. The 
next day, the cultures were centrifuged at 5,000 X g for 15 min at 4°C, the pellets 
were resuspended in 1 ml of phosphate-buffered saline (PBS, pH 7.0), and the 
bacterial suspensions were subjected to four rounds of freeze-thawing. The 
bacterial debris was pelleted at 14 000 rpm in a microcentrifuge, and the super- 
natants were supplemented with bovine serum albumin (BSA) and Tween 20 
(1% and 0.025% final concentrations, respectively). Duplicate or triplicate crude 
Fab supernatants were prepared to lessen the effect of culture-to-culture varia- 
tion in Fab production, pooled, and used directly for enzyme-linked immunosor- 
bent assays (ELISAs) as described below. 

Crude Fab ELISA. Ninety-six-well plates (one-half diameter, flat-bottomed; 
Costar) were coated with 50 u.1 of PBS containing 50 ng of goat anti-human IgG 
F(ab') 2 (Pierce), 75 ng of gpl20 JRrL (Progenies), 50 ng of oligomeric gpl20, IIB 
(ImmunoDiagnostics, Inc.), or 7 x 10 9 B2.1 phage particles (the B2.1 peptide 
HERSYMFSDLENRCI is a disul fide-bridged, homodimeric peptide displayed 
as a fusion to the N terminus of pVIH on the filamentous phage [93]) and 
incubated overnight at 4°C. The wells were washed twice with PBS containing 
0.05% Tween 20 and blocked with 3% BSA at 37°C for 1 h. The wells were 
washed once, and 50 u.1 of the bacterial supernatants containing Fab diluted in 
PBS containing 1% BSA and 0.025% Tween 20 was added. The plates were 
incubated for 2 h at 37°C, the wells were washed four times, goat anti-human Fab 
conjugated to alkaline phosphatase (Pierce), diluted 1:500 in PBS containing 1% 
BSA and 0.025% Tween 20, was added to the wells, and the plate was incubated 
at room temperature for 30 min. The wells were washed five times and developed 
by adding 50 \l\ of alkaline phosphatase substrate, prepared by adding one tablet 
of disodium p-nitrophenyl phosphate (Sigma) to 5 ml of alkaline phosphatase 
staining buffer (pH 9.8), according to the manufacturer's instructions. 

After «**30 min, the optical density at 405 nm was read on a microplate reader 
(Molecular Devices). The concentration of Fab was determined with the anti- 
Fab ELISA (full curve, threefold dilution series) with simple linear regression; 
the concentrations of Fab in the samples were usually within about twofold of 
that of wild-type Fab b!2 except for mutants V95A, Y53G, 3D3A, and 3D3N, 
which were consistently 4- to 10-fold less abundant. A full threefold ELISA 
binding curve was also generated for groups of Fab mutants alongside wild-type 
bl2 and a negative Fab control against gpl20 or B2.1 phage. Apparent affinities 
were calculated as the antibody concentration at half-maximal binding. Apparent 
affinities as a percentage of that of wild-type Fab bl2 were calculated with the 
formula [(apparent affinity of the wild type)/(apparent affinity of the mutant)] x 
100. All samples were tested at least twice, and the mean was taken as the final 
reported value. 

Competition ELISA with purified Fab. Ninety-six-well plates were coated with 
gpl20, washed, and blocked, as above. Wild-type and representative mutants of 
Fab bl2 were purified as described previously (3) with protein G-Sepharose 
columns (Fast Flow; Pharmacia) and verified to be >90% pure by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The purified 
Fabs were added to the wells at various concentrations in the presence of a single 
concentration of biotinylated Fab bl2 that was previously determined to gener- 
ate an ELISA signal of 50 to 75% of maximal. After 2 h of incubation at 37°C, 
the plate was washed, and a streptavi din- horse radish peroxidase conjugate (Jack- 



Vol. 77, 2003 MUTAGENESIS OF ANTI-HIV-1 ANTIBODY bl2 5865 



Clone ID 



b12 (w.t. ) 
Solvent access# 

V95A 

V95I 

G96A 

P97A 

P97E 

Y98A 

Y98W 

S99A 

S99G 
W100A 
W100F 
W100S 
W100V 
D100aA 
D100aE 
D100bA 
D100bE 
S 100c A 
P100dA 
Q100eA 
Q100eN 
Q100eF 
D100fA 
D100fE 
N100gA 
N100gD 
N100gQ 
N100gH 
N100gY 
Y100hA 
Y100hF 
Y100hW 
YIOOiA 
YIOOiF 
Y100iW 
MIOOjA 
D101A 
V102A 

3D3A 

3D2N 

b7* 

MV2* 

3B1** 

3B2" 

3B3** 

3B4" 

3B6" 

3B7** 

3B9" 
H1.3B/H3.32** 
H1.3B/H3.33** 
H1.3B/H3.34" 
H1.3B/H3.35" 
H1.3B/H3.36** 
H1.3B/H3.38" 
H1.3B/H3.39" 
CS** 
CS" 

CS" 



CDRH3 



V G P Y SWD DSPQDN YYMDV 
00322431 3312010011 
A 



B 



Clon ID 



CDR H1 



A - 
E- 

- A 

- W 



A • 
G 



E - K 
OWN 
- WT 
EWG 
•WN 
LWN 
SWR 
•WR 
EWG 
EWG 
EWG 
EWG 
EWG 
EWG 
EWG 
EWT 
EWT 
EWT 



A - 
E - 
A 
E 



AA 

NN 



A - 
D - 
Q- 
H 
Y 



EQFRF 
EMFRY 
EMRRF 
HQRRY 

- QRRY 
TQRRF 

- Q V R Y • 



MD - - A 



A - 
F - 
W- 
A 
F 
W 



b12 (w.t. ) GYRFSN FV 
Solvent access# 203021 10 

3B3# T 

H31L42# H-T 

m Qermtine° - - T - T S YA 



Clone ID CDRH2 

Di* ) I NP YNGNK 

Solvent access# 01032332 

N52A - A 

P52aA - - A 

Y53G - . . G - - • - 

N56A A . 

"germane" - - A G - - - T 



Clone ID CDR L1 

b12 (w.t. ) HS I RSRR 
Solvent access# 2 2 0 3 2 2 1 

R29S - - - S - - - 

S30A - - - - A - - 

R31S S - 

R32Y Y 

b21* -N 

H31L42** - QLDGS • 

"germline" Q - V S - S Y 



Clone ID 


CDRL2 


b12 (w.t. ) 


G V S 


Solvent access* 


1 1 2 


"germane" 


- A - 



Clone IP 



CDRL3 



b12 (w.t ) QV YGASSYT 
Solvent access# 0000331 01 
A93Y - - - - Y - - - - 

S94A A - - - 

b7* - Q - - S - R - - 
H31L42** • Q- . WPF - - 



FIG. 1. Amino acid sequences of mutants and variants of wild-type (w.t.) bl2 in CDR loops H3 (A), HI (B), H2 (C), LI (D), 12 (E), and L3 
(F). Each panel shows the solvent accessibility (Solvent access#) of the side chains of each residue, the relevant sequences of mutants of bl2 
engineered for this study, and natural (*) and in vitro-evolved (**) variants isolated in previous studies (references 4 and 57 and references 5 and 
90, respectively). The solvent accessibilities of the side chains were determined by the NACCESS computer program (16) and are graded as follows: 
0, buried (<10% exposure); 1, partially exposed (10 to 35% exposure); 2, moderately exposed (36 to 66% exposure); 3, mostly exposed (67 to 90% 
exposure); and 4, fully exposed (>90% exposure). H31L42 (37) is a whole-IgG version of the Fab designated hl.l h3.33/L1.4L3.14 (90). The 
deduced amino acid sequences of the closest related germ line DNA are shown for comparison; the germ line sequences for the heavy and light 
chains are IGHV1-3*01 (DP-25; accession no. X62109) and IGKV3-20*01 (DPK22; accession no. X12686), respectively. 
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son) diluted 1:1,000 in PBS containing \% BSA and 0.025% Tween 20 was 
added. After a 30-min incubation at room temperature, the plates were washed, 
and the tetramethylenebenzidine (TMB) substrate kit (Pierce) was used for 
developing, according to the manufacturer's instructions. Hie optical density at 
450 nm was read on a microplale reader (Molecular Devices), and the results 
were recorded as the 50% inhibitory concentration (IC 50 ), defined as the con- 
centration of competing Fab that was required to reduce the maximal signal 
generated by biotinylated Fab bl2 by 50%. All competition ELISAs were per- 
formed twice. 

Synthesis of bl2 CDR H3 peptide and coupling to BSA. A peptide correspond- 
ing to CDR H3 of bl2 was synthesized with the bl2 crystal structure as a guide 
(66); the peptide has the sequence C-PGK-A 93 RVGPYSWDDSPQD 
NYYMDW 103 . Residues PGK were included to promote a type II p-turn (31), 
and a Cys residue was added to facilitate cyclization via native chemical ligation 
(19) and chemical coupling to a carrier molecule. The Arg 94 side chain in the 
third framework region (FR3) projects into solvent in the crystal structure and so 
was included in the peptide, as was Ala 93. The peptide was synthesized with 
N-tert-butoxy-carbonyl chemistry (71), purified by reverse-phase high-pressure 
liquid chromatography to >95% purity, and verified by mass spectrometry. 

To cyclize the peptide, the backbone was linked N to C terminus by native 
chemical ligation (28), and the final product was purified by reverse-phase high- 
pressure liquid chromatography to >95% purity and verified by mass spectrom- 
etry. The free Cys of the peptide was used to cross-link the peptide to activated 
BSA (Pierce) by using the manufacturer's instructions. Briefly, 10 mg of sulfo- 
succinimidyl 4-(Af-maleimidomethyl)cyclohexane-l-carboxylate-activated BSA in 
1 ml of deionized H 2 0 was mixed with 10 mg of peptide dissolved in 0.25 ml of 
dimethyl sulfoxide and 1.75 ml of PBS. The mixture was rocked gently for 2 h at 
room temperature, dialyzed extensively against PBS, and then sterilized with a 
0.2-p.m filter. A control peptide (GTP-binding peptide of sequence CEGN- 
VRSRELAGHTGY; American Peptide Co.) was similarly linked to BSA. The 
protein concentration of each sample was determined with the Micro BCA 
protein assay kit (Pierce) according to the manufacturers instructions. The 
conjugates were also analyzed by SDS-PAGE, and cross-linking was confirmed 
by an increase in the molecular weight of the activated BSA after reacting with 
the peptide; both the bl2 CDR H3 and the control peptide caused a similar shift 
in molecular weight. 

HIV-1 neutralization assay. The primary isolate HIV-1 JRFL was assayed for 
neutralization with peripheral blood mononuclear cells as target cells and de- 
tection of p24 in ELISA as a reporter assay, as described previously (94). 

Nucleotide sequence accession number. The sequences of the heavy and light 
chains of bl2 have been deposited in GenBank (accession no. AAB26315.1 and 
AAB26306.1, respectively). 



RESULTS 

Alanine-scanning mutagenesis of CDR H3 of bl2. In the 

mutagenesis strategy, we chose to compare binding of different 
mutants of bl2 to gpl20 with crude Fab supernatants prepared 
from bacterial cultures (3), which facilitated the rapid analysis 
of a large number of Fab mutants (Fig. 1) that otherwise would 
not have been feasible. Apparent affinities relative to wild-type 
Fab bl2 were measured by ELISA, as described in Materials 
and Methods. As a first step in our analysis of bl2, we per- 
formed a complete alanine scan of the CDR H3 loop and 
tested the mutant Fabs by ELISA to determine their relative 
binding strengths to gpl20. We chose recombinant gpl20 from 
two different strains, one from a primary isolate (gpl20 JRFL ) 
and one from a T-cell-line-adapted strain (gpl20 IUB ), to see 
whether any differences in binding could be found with our 
mutant Fab panel. We also included in our analysis the previ- 
ously described, bl2-specific peptide B2.1, as displayed on fil- 
amentous phage (93). The dissociation constant {K d ) of wild- 
type Fab b!2 against gp^O^, is «*9 nM (62), against the B2.1 
synthetic peptide is «2.5 u,M (93), and against B2.1 phage is 
closer to the K d of the bl2-gpl20 interaction because of the 
constraint that the phage coat imparts to the peptide, although 



a precise K d value of bl2 for the phage-associated peptide is 
difficult to determine (93). 

The results of the alanine scan of the H3 loop of bl2 are 
shown in Fig. 2. Substitution of 7 out of 18 residues in H3 with 
Ala reduced binding of Fab bl2 to both gpl20 JRFL and 
gpl20„ IB by greater than 90%. The relevant mutants are 
V95A, Y98A, W100A, QlOOeA, NIOOgA, YlOOhA, and 
YlOOiA. [The CDR H3 of bl2 contains a 10-residue insertion. 
In Kabat and Wu numbering (34), these residues are desig- 
nated 100A, 100B, . . ., 100J. For clarity, these inserted residues 
will be denoted with a lowercase letter after the number of the 
residue position so as to avoid confusion with the mutated 
residue (uppercase) when referring to mutations (e.g., muta- 
tion DIOOaA)]. The loss of antigen binding of the W100A 
mutant was not unexpected from the crystal structure of IgGl 
bl2 and a docking model of b!2 and the gpl20 core (66). 
However, the behavior of some of the other mutants was more 
surprising. 

Substitutions in b!2 that reduced gpl20 binding as much as 
or even more than observed with the W100A mutant included 
V95A, Y98A, QlOOeA, NIOOgA, YlOOhA, and YlOOiA. Most 
of these substitutions are at the base of the CDR H3 and 
involve side chains that are poorly exposed to solvent, as de- 
fined in Fig. 1. Solvent accessibility to side chain (Fig. 1) was 
not, however, predictive of the effect of a substitution on an- 
tigen binding (Fig. 2). The greatest effects of an Ala substitu- 
tion on gpl20 recognition occurred with residues NIOOg, 
YlOOh, and YlOOi at the C-terminal end of H3, which resulted 
in complete loss of gpl20 recognition in our assay (<0.1% 
apparent affinity relative to wild-type bl2). We confirmed these 
results by purifying Fab protein for these mutants and were 
unable to observe significant reactivity with gpl20 even at 20 
u,g/ml (data not shown). To further explore these findings, 
additional substitutions were made in these positions and 
tested for binding to gpl20 and the B2.1 peptide (see below). 
Significantly, there was generally good agreement in the rela- 
tive binding of Ala mutants to gpl20 JRFL (primary isolate) and 
gpl20 IIIB (T-cell-line-adapted). 

Thirteen Ala substitutions in H3 had qualitatively similar 
effects on the ability of bl2 to bind to gpl20 and B2.1, sug- 
gesting some similarity in recognition of these antigens by b!2. 
However, the effects of other Fab substitutions such as Y98A, 
W100A, DIOOaA, and DIOObA did not correlate, pointing to 
possible ways of improving the B2.1 peptide as a bl2 epitope 
mimic. 

Mutations in CDR H3 W100. A striking feature in the crystal 
structure of IgGl bl2 is the prominent display of the aromatic 
residue W100 at the apex of the long H3 loop (66). As shown 
in Fig. 2 and 3A, Ala substitution at W100 significantly dimin- 
ished binding of Fab bl2 to gpl20 JRFL and gpl20 IIIB . This 
result was confirmed with purified Fab: the W100A mutant 
inhibited biotinylated Fab-bl2 with an IC 5u of 29 u-g/ml and 50 
fjLg/ml for gpl20 JRFL and gpl20 ITIB , respectively, compared to 
an IC 50 of 3 u,g/ml and 1.5 u,g/ml, respectively, for wild-type 
Fab bl2 (data not shown). 

In the bl2-gpl20 docking model, W100 was acting to fill the 
hydrophobic cavity of the CD4bs on gpl20 in a way analogous 
to F43 of CD4. Thus, we also made the W100F mutant to 
determine whether Phe would be more or less favored than 
Trp at this position. Retention of an aromatic ring in the 
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FIG. 2. Alanine-scanning mutagenesis of CDR H3 of bl2. Bars indicate the apparent affinities of Fab mutants relative to wild-type (w.t.) Fab 
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W100F mutant did promote slightly better binding than the 
W100A mutant to both gpI20s, but the apparent affinity was 
«=10% relative to that of the wild type. Two other mutants, 
W100S and W100V, also had considerably impaired binding to 
both gpl20s. Taken together, these results confirm the impor- 
tance of W100 for bl2 by showing that Trp is preferred over 
four other residues, including another aromatic, Phe, at this 
position. In contrast to the results with the gpl20s, the W100 
mutants were all able to bind B2.1 at nearly wild-type levels, 
strongly suggesting that W100 is not involved in B2.1 recogni- 
tion. 

Role of Asp residues in CDR H3 of bl2. Another feature of 
the b!2 crystal structure that initially drew our attention was a 
clustered grouping of acidic moieties on one face of the H3 
loop (66). We wondered whether this "acidic patch" was in- 
volved in keeping the H3 loop of bl2 erect via charge repulsion 
with a weakly acidic patch near the base of the H3 loop. The 
residues involved included DIOOa, DIOOb, and DIOOf, as well 
as hydroxyl groups from Ser 99, Ser 100c, and Tyr lOOi (D101 
was not involved in this patch and moreover was found to have 
little involvement in binding to gpl20 and B2.1 ; see Fig. 2). The 
Ala substitutions (Fig. 2) had mostly moderate effects on bind- 
ing to gpl20 («=2- to 3-fold-reduced binding relative to wild- 
type bl2). Further mutagenesis (Fig. 3B) yielded mutants 
DlOOaE, DIOObE, and DIOOfE, the substitutions in which ei- 
ther had no effect (DlOOaE) or again only moderate effects 
(DIOObE and DIOOfE) on binding to gpl20. Two additional 
mutants were constructed in which all three positions were 
changed to see if there was any cooperatrvity among these 



residues. A triple Ala mutant, dubbed 3D3A, and another 
triple mutant, DIOOaN/DlOObN/DlOOfA, dubbed 3D2N, were 
still able to consistently bind to gpl20 JRFL and gpl20 IIIB , albeit 
at somewhat lower levels (data not shown). 

The acidic patch on the paratope of bl2 appears to have 
significance for B2.1 recognition. The Ala mutants DIOOaA, 
DIOOb A, and both triple mutants bound to B2.1 much better 
than to wild-type Fab bl2. Interestingly, the DIOOfE mutant 
bound extremely poorly to B2.1 but bound gpl20 almost as 
well as the wild type. In fact, the DIOOfE mutant bound more 
poorly to B2.1 than the "less conservative" DIOOf A mutant, 
revealing a very distinct requirement for B2.1 recognition at 
position lOOf. 

Mutagenesis in CDR H3 of bl2 N-terminal to W100. Four 
residues N-terminal to W100 in H3 of b!2 were chosen for 
additional study. V95 was chosen because the Ala mutation at 
this position caused severe impairment in binding to gpl20, 
and we wished to determine whether a more conservative 
substitution with He would also reduce binding. Figure 3C 
shows that the V95I mutant bound gpl20 at nearly wild-type 
levels. The extra bulk of a branched aliphatic side chain at this 
position is probably necessary for full activity of bl2. The 
residues P97, Y98, and S99 were also targeted for further 
mutagenesis, inspired by previously published variants of bl2 
(both naturally occurring and in vitro-enhanced variants), in- 
cluding 3B3, in which the sequence EWG is found in place of 
PYS at these positions (4, 5) (Fig. 1A). The Y98W mutant 
indeed bound ~3- to 9-fold better to the gpl20s than did 
wild-type Fab b!2 (Fig. 3C). The P97E and S99G mutants 
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bound to gpl20 as well as or only slightly better than wild-type 
bl2. Thus, the enhanced binding of 3B3 to gpl20 presumably 
derives mostly from the preference for a W over a Y at the 
middle position of the EWG motif, with the flanking residues 
perhaps providing additional fine tuning. 

In contrast to the Ala mutant, P97A, B2.1 binding was not 
correlated with gpl20 binding for mutant P97E. Interestingly, 
the substitution Y98W enhanced the binding of Fab bl2 to 
both B2.1 and gpl 20, whereas the S99G substitution was silent 
for both gpl20 and B2.1. 

Mutagenesis in CDR H3 of bl2 C-terminal to W100. The 
alanine scan (Fig. 2) showed that residues QlOOe, NIOOg, 
YlOOh, and YlOOi in the C-terminal portion of H3 of bl2 were 
all important for gpl20 recognition and were therefore chosen 
for further mutational analysis. QlOOeN and QlOOeF mutants 
also bound gpl 20 with diminished affinity relative to wild-type 
Fab bl2, although the gpl20 binding was significantly im- 
proved for QlOOeF relative to QlOOeA (Fig. 3D). For verifi- 
cation purposes, Fab QlOOeA was purified and used in a com- 
petition EL1SA with biotinylated Fab b!2 against gpl20 lTTB ; 
the IC 50 of QlOOeA was te 14 u.g/ml, which is nine times greater 
than that of wild-type Fab bl2 (IC 50 «»1.5 |xg/ml) and consis- 
tent with the crude Fab ELISA. In the structure of IgGl bl2, 
the side chain of QlOOe is only partially accessible to solvent 



and makes a hydrogen bond with the main chain of A93. A loss 
of this hydrogen bond might destabilize the interaction at the 
base of CDR H3 and could explain the observed reduction in 
binding to gpl20 for the QlOOe mutants. 

Next, we tested more conservative substitutions at position 
NIOOg. Neither an NIOOgD nor an NIOOgQ mutant was able to 
bind either gpl20 JRFL or gpl 20,,, B , indicating that the removal 
of an amino group or the addition of a methylene group, 
respectively, from the side chain of AsnlOOg was sufficient to 
completely abolish gpl20 recognition in our assay format (Fig. 
3D). In the crystal structure of bl2, the amino nitrogen on the 
side chain of AsnlOOg makes a hydrogen bond with the main- 
chain carbonyl of Gly96; indeed, the side chain of AsnlOOg is 
<10% exposed to solvent (Fig. 1). Again, mutations in 
AsnlOOg most likely affect the structure of the paratope of bl2 
due to the absence of the stabilizing hydrogen bond. Thus, not 
surprisingly, the substitution of AsnlOOg with either His or Tyr 
completely abolished binding to either gp!20 JRFL or gpl20,„ B . 
The Tyr substitution was chosen because the JH6 family of J 
segments (the J-segment family used by b!2 in VDJ-recombi- 
nation) encodes a repeating string of Tyr residues, and thus 
bl2-like antibodies that also use the JH6 family might encode 
a Tyr at this position. The complete lack of detectable binding 
to gpl20 by any of the lOOg mutants underscores the critical 



Vol. 77, 2003 



MUTAGENESIS OF ANT1-HIV-1 ANTIBODY bl2 5869 



140 




Y1A F1A Y2A F2A 



FIG. 4. Effect of alanine substitutions of the four aromatic residues 
in the H3 loop of b6 on relative binding of Fab b6 to gpt 20jr.pl and 
gpl20 IIIB . Bars indicate the apparent affinities of Fab mutants relative 
to wild-type (w.t.) Fab b6 for gp!20 JR _ KL and gpl20 niB . The amino acid 
sequence of the H3 loop of b6 is QKPRY F 1 DLLSGOY 2 RRVAG 
AF 2 DV (the aromatic residues are in boldface and have superscript 
numbers to correspond with the bar graph). By EUSA, the half- 
maximal binding of the purified Fab of the Y 2 A mutant to gpl20 inB 
was 0.4 |xg/ml, which was «50 times lower than the half-maximal 
binding of mutant Fab Y 2 A to gpl20 JRFU 0.007 u,g/ml (*); half-max- 
imal binding of wild-type Fab b6 to both gpl20 niB and gpl20 JRFL was 
determined to be 0.003 u,g/ml (data not shown). 



importance of residue NIOOg in the activity of bl2 (see the 
Discussion). 

In contrast to the irreplaceability of NIOOg, antigen recog- 
nition was found to be at least partially maintained with con- 
servative substitutions to YlOOh and YlOOi. Thus, the 
YlOOi(FAV) mutants bound to gp!20 at ~20% to 40% wild- 
type levels (Fig. 3D). These results imply that a bulky aromatic 
at position lOOi is required by Fab bl2 for recognition of gpl20 
but that the added hydroxyl group of TyrlOOh is important for 
full antigen binding. By contrast, only a Tyr residue appears to 
be sufficient for gpl20 recognition at position lOOh, but the 
YlOOhF mutant was able to bind B2.1 at wild-type levels. 

Aside from mutant YlOOhF, all the other bl2 H3 mutants 
(conservative mutations C-terminal to W100) had impaired 
binding to B2.1. Interestingly, a Phe substitution at YlOOh but 
not at YlOOi fully restored B2.1 binding. This may reflect the 
observation that the two Tyr residues are pointing in roughly 
opposite directions in the crystal structure of bl2. 

Substitution of aromatic residues in H3 loop of nonneutral- 
izing anti-CD4bs antibody b6. Following our analysis of the H3 
loop of bl2, we were particularly interested in the role of 
aromatics because substitution to Ala of all four aromatics in 
the H3 loop of bl2, not only W100, caused a >95% decrease 
in relative binding to gpl20. Thus, we chose to see if H3 loop 
aromatics were important in the function of another anti- 
CD4bs antibody, b6, which, like bl2, has a long H3 loop with 
four aromatic residues but does not neutralize primary isolates 
of HIV-1 (62). The sequence of the H3 loop of b6 is given in 
Fig. 4, and the aromatic residues are designated Y*A, F'A, 
Y 2 A, and F 2 A. The results (Fig. 4) indicated that in contrast to 
bI2, mutation to Ala of only one of the four aromatics in the 
H3 of b6, Y 2 A, led to a severe decrease in binding of Fab b6 to 
gpl20 and only to gpl20 II1B and not gpl20jR.PL. In fact, the 
Y 2 A substitution decreased the half-maximal binding of puri- 
fied Fab b6 to gpl20 IIIB from 0.003 u.g/ml to 0.4 u,g/ml, which 
was far more severe than the change in half-maximal binding to 
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FIG. 5. Effect of substitutions in the H2 loop of bl2 on relative 
binding of Fab bl2 to gpnOj*.^, gpl20 mB , and the B2.1 peptide. Bars 
indicate the apparent affinities of Fab mutants relative to wild-type 
(w.t.) Fab bl2 against gpl20jR.pL, gpl20 IIIB , and the B2.1 peptide. The 
mutations P52aA and Y53G were back mutations to the residues en- 
coded by the closest related germ line DNA (see Fig. 1). 

gpl20 JRFL (from 0.003 u,g/ml to 0.007 u.g/ml; data not shown). 
The differences in the roles of H3 aromatics between bl2 and 
the poorly neutralizing antibody b6 are striking and are dis- 
cussed below. 

bl2 H2 mutations. In the bl2-gpl20 docking model (66), it 
was predicted that residues in H2 could contact gpl20. Resi- 
due Y53 is the most prominent in H2, points directly toward 
gpl20 in the model, and occupies a large space in the bl2- 
gpl20 interface. We suspected that residue P52a might also 
play a role in gp!20 recognition by maintaining the H2 loop in 
a particular conformation rather than by making extensive 
contact with gpl20. Interest in residues P52a and Y53 was also 
strong because these were nonconservatively mutated from the 
residue encoded by the closest germ line genes at these posi- 
tions, Ala and Gly, respectively. The germ line genes closest to 
bl2 are DPK22 and DP-25 (http://imgt.cnusc.fr:8104/ [17, 78]) 
for the light and heavy chains, respectively, and the residues 
they encode are shown for each CDR in Fig. 1. The strategy of 
using germ line "back mutations" for evaluating residues out- 
side of H3, where somatic mutation is key to generating resi- 
due diversity, was adopted to determine the dependence of bl2 
binding on somatic mutation. Residues N52 and N56 were also 
in the interface between bl2 and gpl20 and thus were targeted 
for mutagenesis. 

With the exception of Y53G, the H2 substitutions had only 
moderate to slight effects on Fab binding to gpl20 IIlB , 
gpl20 JRFU and B2.1 (Fig. 5). Residue N52 was predicted to 
make relatively minor contact with gpl20, and correspondingly 
the N52A substitution only moderately diminished binding 
against gpl20 TTTB . Interestingly, the N56A mutant bound gpl20 
at wild-type levels (Fig. 5), implying that this residue does not 
significantly contribute to gp!20 binding. Residue N56 docks in 
close proximity to residue K362 of gpl20; however, the side 
chain of N56 points away from the contact surface, potentially 
accounting for the absence of an effect on gpl20 binding of the 
N56A substitution. The P52aA substitution was expected to 
affect H2 loop structure rather than replace a contact residue, 
and the effect on gpl20 binding was moderate (i.e., ^2-fold 
reduction in apparent affinity for gpl20), indicating that P52a 
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FIG. 6. Effect of substitutions in the CDR loops LI and L3 of bl2 
on the relative binding of Fab bl2 to gpl20 JR _ FU gpl20„ IB> and the 
B2.1 peptide. Bars indicate the apparent affinities of Fab mutants 
relative to wild-type (w.t.) Fab bl2 for gpl20 JR . FL , gpl20 nrB , and the 
B2.1 peptide. The mutations R29S, R31S, and R32Y were back muta- 
tions to the residues encoded by the closest related germ line DNA 
(see Fig. 1). 



has a rather modest role in gpl20 binding. The Y53G substi- 
tution, by contrast, greatly diminished the binding of bl2 to 
gpl20, suggesting that Y53 contributes significantly to the 
binding energy between bl2 and gpl20. Residue Y53 pro- 
trudes to form a second "finger" in the paratope of bl2 and 
was predicted to bury into a canyon in gpl20 (see Discussion). 
The Y53G substitution had little effect on B2.1 recognition, 
implying that B2.1 does not contact Y53, considering that the 
side chain of Y53 is mostly solvent exposed (Fig. 1). We note 
that attempts to purify the Y53G mutant resulted in a some- 
what impure Fab preparation that bound poorly to gp!20 and 
B2.1 (data not shown), whereas the crude Fab bound B2.1 at 
wild-type levels, suggesting that this mutant might be unstable 
to the purification conditions, which involve acid elution. 

bl2 LI and L3 mutations. Finally, the b!2-gpl20 docking 
model indicated that various residues in CDRs LI and L3 
could play a role in binding to gpl20. Residues R29, R31, and 
R32 in LI were chosen for substitution to S, S, and Y, respec- 
tively, because the closest germ line genes encode the substi- 
tuted residues at these positions. S30 was changed simply to 
Ala because the closest germ line gene already encodes a Ser 
at this position. The results indicate that all four of these LI 
mutants were essentially unable to recognize gpl20 (Fig. 6) 
and suggest that somatic mutations found in this loop are 
essential to bl 2 specificity. Two mutations were made in L3 
(A93Y and S94A), also based on predictions of their interac- 
tion with gpl20. The A93Y mutant suffered a significant loss in 
gpl20 binding (Fig. 6). Fab A93Y was purified and used in a 
competition ELISA with biotinylated Fab bl2 against 
gpl20 mB ; the 1C 50 of A93Y was =* 10 M-g/ml, which is six to 
seven times greater than that of wild-type Fab bl2 (IC 50 *» 1.5 
^g/ml) and consistent with the crude Fab ELISA. Unfortu- 
nately, the S94A mutant was found to be poorly produced in 
crude bacterial supernatants relative to the wild type (> 10-fold 
reduction; data not shown), precluding a quantitative analysis 
of binding of the latter Fab mutant. Nevertheless, binding of 
the S94A Fab mutant to gpl20 was detectable despite the low 
concentration of Fab in the supernatants, and we were able to 
conclude that the S94A mutation is at least not a complete 
knockout mutation (data not shown). 



Whereas the mutations in LI completely knocked out the 
binding of Fab bl2 to both B2.1 and gpl20 in our assay, the L3 
mutation, A93Y, abolished binding to B2.1, but binding to 
gpl20 was maintained, albeit at «*10% of wild-type levels (Fig. 
7). It is unclear whether the residues in LI contact gpl20 or if 
their mutation disrupts the bl2 paratope. However, it appears 
that A93Y is important for B2.1 recognition because the para- 
tope of the A93Y mutant was sufficiently intact to bind to 
gpl20 with measurable affinity (Fig. 7). As for the poorly pro- 
duced Fab mutant S94A, the result was similar for B2.1 as for 
gp!20; at most, only a moderate effect on B2.1 binding was 
expected for this mutation (data not shown), although a quan- 
titative analysis was not attempted. 

Neutralization of HIV-1 by synthetic CDR H3 bl2 peptide. 
We recently reported the neutralization of the T-cell-line- 
adapted strains HIV-1 MN and HIV-1 IIIB by a conjugate of BSA 
and a synthetic peptide corresponding to the H3 loop of bl2 
(66). This neutralizing activity against HIV-1 MN and rUV-l TIlB 
was specific because a conjugate of BSA and an irrelevant 
peptide did not neutralize virus (66). We present here some 
additional observations. Whereas neutralization of HTV-1 was 
found for HTV-1 ^ and HTV-1 IIIB in H9 cells at <1 mg of 
conjugate per ml (IC 75 0.5 mg/ml for each [66]), no neutral- 
ization at 4 mg of the peptide-BSA conjugate per ml was 
observed for the primary isolate HIV-1 JRFL in a peripheral 
blood mononuclear cell assay (data not shown). It should be 
noted that, in our hands, neutralization (IC 90 ) of HIV-1 JRFL 
occurs at «0.8 fig of IgGl bl2 per ml (94), so HIV-1 JRFL is as 
sensitive to neutralization by IgGl bl2 as HIV-1 mB (IC 90 » 
0.5 u.g/ml). Thus, although T-cell-line-adapted viruses were 
neutralized at high concentrations of the bl2 H3 peptide con- 
jugate, the primary isolate, HIV-1 JRFL was not neutralized by 
the same conjugate. 

We also wished to determine whether a direct interaction 
between the b!2 H3 peptide and recombinant gpl 20 could be 
established. By direct ELISA, no specific interaction between 
the bl2 H3 peptide or the bl2 H3 peptide-BSA conjugate and 
gp!20 was detected by immobilizing either the peptide or re- 
combinant gpl20 (JRFL and IIIB) and then probing with the 
partnering molecule (data not shown). Similarly, by competi- 
tion ELISA, high concentrations of bl2 H3 peptide (0.5 mg/ 
ml) or bl2 H3 peptide-BSA conjugate (4 mg/ml) did not inhibit 
the ELTSA signal generated by Fab bl2 against immobilized 
recombinant gpl20 (JRFL and IIIB; data not shown). Thus, it 
appears that, although the bl2 H3 peptide-BSA conjugate 
neutralizes the T-cell-line-adapted viruses HIV-1 MN and HIV- 
Iiiib) we could not demonstrate a specific interaction between 
the conjugate and recombinant gpl20, at least by direct and 
competition ELISAs, which may not detect interactions with 
high micromolar to millimolar dissociation constants. These 
results may be explained at least in part by differences in the 
conformation of gp!20 as it exists in the trimeric envelope 
spike, as probed in neutralization assays versus recombinant, 
plate-immobilized gp!20, as probed by ELISA. 

DISCUSSION 

In the current study, we examined the antigen binding site of 
bl2 with site-directed mutagenesis to create 50 mutations in- 
volving 27 different residues in four different CDRs of bl2. We 
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found that the use of crude Fab supematants was reproducible 
and efficient, allowing the simultaneous analysis of a large 
number of Fab mutants against a panel of antigens. This type 
of mutational analysis can easily be adapted for other Fabs or 
single-chain Fvs that are amenable to production in E. coli, and 
we are currently using this approach for other antibodies 
against HIV-1. One potential drawback of the analysis is that 
if a substitution leads to diminished antigen binding, it is not 
known whether it is due to a direct effect on affinity for antigen 
or an effect on Fab stability or folding. However, we targeted 
residues in the CDR loops, most of which were at least par- 
tially exposed to solvent. For buried residues such as V95, 
NIOOg, and YlOOi, it is possible that Ala substitution might 
partially unfold these mutants. Nevertheless, of the mutants 
that were chosen to be purified, W100A, QlOOeA, NIOOgA, 
YlOOhA, A93Y, and Y53G, most gave favorable yields of Fab 
and produced a single 50-kDa band by SDS-PAGE, suggesting 
that the Fabs were largely intact and not degraded. Moreover, 
the purified Fabs generally showed activities against gpl20 very 
similar to those of the crude Fabs. 

A very strong correlation was found for binding of the mu- 
tants to both gpl20 TITB and gp^O^.^. This correlation is 
consistent with a common binding mechanism of bl2 to both 
the T-cell-line-adapted and primary isolate gpl20 and is per- 
haps not surprising for an antibody with such broad reactivity 
to diverse HIV-1 envelopes (11, 54, 79). W100 was found to be 
important, as its substitution generally decreased binding of 
bl2 to gpl20. This result is also consistent with a prior exper- 
iment in which a portion of the gene segment encoding the H3 
loop of bl2, including W100, was randomized and incorpo- 
rated into a phage display library and the library was affinity 
selected against gpl20. A Trp residue at position 100 was 
absolutely conserved in all clones selected (5). These data 
caused us to speculate that perhaps a Trp residue (bl2) might 
be superior to a Phe (CD4) in filling the hydrophobic pocket in 
gpl20 that is important for CD4 receptor engagement (Phe43 
is used to fulfill this role in CD4 [39]). However, an F43W 
mutant of CD4 did not show enhanced binding to gpl20 but 
rather bound more poorly (i.e., the F43W mutant bound to 
gpl20 at ~9% of wild-type CD4 levels, and F43Y bound gpl20 
at ~40% of wild-type CD4 levels; Raymond Sweet, personal 
communication). In addition to W100, the three remaining 
aromatics in the H3 loop of b12 appeared to be important for 
gpl20 recognition; mutation of any of four aromatics (Y98, 
W100, YlOOh, and YlOOi) to Ala resulted in >95% decrease in 
relative binding to gpl20. 

By contrast, mutation to Ala of only one of four aromatics 
(i.e., residue Y 2 , as defined in Fig. 4) in the H3 loop of the 
poorly neutralizing anti-CD4bs antibody b6 resulted in a 
>95% decrease in relative binding to gpl20 and then only to 
one of the two strains, IIIB (Fig. 4). In fact, for the Y 2 A mutant 
of Fab b6, a much greater binding differential was found be- 
tween gp!20 strains than for any of the 50 bl2 mutants (Fig. 4). 
This result highlights a striking difference in the way that the 
aromatics of bl2 and b6 are used to bind gp!20, at least with 
respect to their H3 loops, even though the footprints of b6 and 
bl2 on gp!20 appear to be relatively similar (55). The H3 loop 
of an antibody is usually crucial in determining its specificity 
(82, 89). It may be that W100 (bl2) and Y 2 (b6), each of which 
is located near the middle of their long H3 loops, probe dif- 



ferent regions within the CD4bs of gpl20. Broadly neutralizing 
molecules such as bl2 and CD4 might be able to occupy the 
conserved hydrophobic pocket of gpl20, whereas b6 may not 
possess this ability. We speculate that the b6 H3 loop lacks 
rigidity and might lie across the CD4bs of gpl20 rather than 
inserting into it like bl2. Given that the Y 2 A mutation of b6 
leads to significant strain preference (Fig. 4) but W100A of bl2 
does not, the Y 2 residue could be interacting with or proximal 
to a region of gpl20 that is relatively variable. 

Recently, Zhu et al. showed that an engineered molecule 
(MBri) containing the V1/V2 loop and a portion of the bridg- 
ing sheet of gpl20 (i.e., 32, (33, (320, and 021) was able to bind 
to bl2 (91). These authors showed that a V3 loop peptide is 
able to partially inhibit the binding of bl2 to MBri and attrib- 
uted this effect to a physical interaction between the V1/V2 
loop and V3 loop. One might speculate that bl2 is able to bind 
to gpl20 in spite of an interaction between variable loops on 
the native trimer, whereas other anti-CD4bs antibodies, such 
as b6, cannot. In this vein, we have observed that most anti- 
CD4bs antibodies but not bl2 inhibit the binding of a novel 
loop-dependent antibody to gpl20 (MBZ; Robert Kelleher, 
Richard Jensen, Aran Labrijn, Meng Wang, Gerald Quinnan, 
Paul W. H. I. Parren, and Dennis R. Burton, submitted for 
publication), suggesting that the variable loops affect other 
anti-CD4bs antibodies in a manner different from how they 
affect bl2. 

Further comparative studies, both structural and functional, 
between bl2 and other nonneutralizing anti-CD4bs antibodies 
like b6 could help elucidate the conformational differences 
between monomeric gpl20 and trimeric gpl20 on the HIV-1 
envelope spike. In terms of vaccine design, these types of 
analyses should be extremely helpful to the design of improved 
gpl20 constructs that would elicit bl2-like antibodies by max- 
imizing the exposure and immunogenicity of the bl2 epitope 
while limiting the antibody response against overlapping 
epitopes targeted by b6 and other poorly neutralizing anti- 
CD4bs antibodies. 

A molecular (ribbon) model of the Fab of bl2 (Fig. 7A) 
illustrates the relative orientations of the CDRs and the prom- 
inent H3 loop. Figure 7B details the contour of the H3 loop 
and how the H3 polypeptide extends down on either side from 
W100 in an extended (3-ladder with a distinct twist. The p-lad- 
der is roughly 4 A in width and contains five hydrogen bonds 
between strands; most notably, the main-chain carbonyl of G96 
hydrogen bonds with the amino group of the side chain of 
NIOOg. Our data strongly suggest that this stabilizing hydrogen 
bond is crucial for the interaction of bl2 with both gpl20 and 
B2.1, since mutation of NIOOg to A, D, Q, H, or Y completely 
abolishes bl2 binding to gpl20 and B2.1. Another potentially 
loop-stabilizing hydrogen bond exists between QlOOe and A93, 
and we found that changing QlOOe to Ala, Asn, or Phe resulted 
in diminished binding to gpl20. We note that in a recent and 
related study by McHugh et al. (47), it was shown by muta- 
tional analysis of a single chain Fv fragment corresponding to 
a bl2 variant, 3B3-PE, that gpl20 recognition was enhanced 
^2-fold by a QlOOeY mutation. Thus, it appears that an aro- 
matic residue at QlOOe is compatible with strong gpl20 bind- 
ing in certain contexts. 

The last few C-terminal residues of the H3 loop of b!2 are 
encoded by DNA contributed by the joining region, which, in 
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the case of bl2, belongs to the family JH6 (4). The JH6 seg- 
ment of DNA can potentially contribute up to six consecutive 
Tyr residues. We considered the possibility that this portion of 
the H3 loop of bl2 may be a part of a more conserved and 
general structural motif, since a single segment of DNA en- 
codes it as a group. We performed a database search (1) on the 
motif NYYMDV and found only three exact matches: one is 
an antihapten human heavy chain, VH-37 (accession no. 
S46393 [25]), and two are highly homologous antibodies 
against rhesus D blood group antigen (accession no. Y08177 
and Y08186; S. M. Miescher, personal communication). Un- 
fortunately, no structure for these antibodies is currently avail- 
able to compare with that of IgGl bl2. 

The strong dependence of bl2 on a CDR of the light chain 
is consistent with a previous chain-shuffling experiment in 
which the heavy chain of bl2 exclusively paired with the same 
light chain following affinity selection on gpl20 (4). Signifi- 
cantly, of the six non-H3 mutations that were found to de- 
crease gpl20 binding by >90%, four arose via somatic muta- 
tion, and three of these were in LI. [The four substitutions, 
G53Y(H2), S29R, S31R, and Y32R, (LI) were determined to 
have arisen via somatic mutation on the basis of sequence 
alignment (http://imgt.cnusc.fr:8104/home.html) with known 
human germ line genes (see Fig. 1), and their positions in the 
paratope of bl2 can be seen in Fig. 7C and D.] Although germ 
line antibodies can neutralize some viruses (35), given our 
results, it is very unlikely that a nonsomatically mutated version 
of bl2 would have any HIV- 1 -neutralizing activity. 

In a prior experiment, the gene segment encoding six resi- 
dues in Li (including R29, R31, and R32) was randomized and 
incorporated into a phage display library, and the library was 
affinity selected against gpl20. Although there was positive 
selection for Arg residues in the enriched phage pools, the 
highest-affinity variant differed from bl2 at every targeted po- 
sition but R32, which was absolutely conserved in all the clones 
sequenced (90). The LI sequence of the highest-affinity Fab is 
identical to that of H31L42, its whole-IgG counterpart (37) 
(Fig. 1). Note, however, that the multiple substitutions in CDR 
LI of H31L42 occurred in the background of additional sub- 
stitutions in H3 and HI, and the effects of most of these 
substitutions on affinity for gpl20 were nonadditive (90). 

A footprint of the putative contact residues of b!2 on the 
deglycosylated core of gpl20 (39), according to our docking 
model (66), is shown in Fig. 7E. The bl2 residues whose sub- 
stitution diminished gp!20 binding by >95% relative to the 



wild type are indicated by asterisk. A useful guide in orienting 
the two molecules is the insertion of the "fingers" H3 (W100) 
and H2 (Y53) of bl2 into the CD4 hydrophobic pocket and 
into a gap between T373 and N386 in gpl20, respectively. The 
diminished gpl20 binding of mutants W100A, Y98A, and 
Y53G are supportive of and supplement the model. 

We postulate that W100 and Y53 contribute to the binding 
energy of bl2 to gp!20 largely by burying into a hydrophobic 
pocket and canyon, respectively, on either side of a ridge in- 
cluding S365 and D368 on gpl20. Y98 of bl2 is also very close 
to the S365-D368 ridge, which has been shown to be important 
for b!2 binding by mutational analysis (55). Residues R29 and 
R32 in LI are in close proximity to residues N276/K282 and 
N280/A281 in the D-loop of gpl20, respectively. A recent mu- 
tational analysis of gpl20 shows that substitutions N276A, 
K282A, and N280A slightly enhance, diminish, and have no 
effect on the binding of bl2 to gpl20, respectively (55). 

From the crystal structure of bl2, we calculated that the side 
chain of R32 was only partially accessible to solvent (Fig. 1), 
suggesting that the observed effect of the R32Y substitution 
may be due more to changes in local paratope structure than to 
direct contact with gpl20. By contrast, the side chain of R29 is 
mostly accessible to solvent, suggesting that this residue might 
contact gpl20. Alternatively, long-range electrostatic effects 
due to the cluster of basic residues in LI might play a signifi- 
cant role in the observed effects caused by replacing any one of 
these bl2 residues. N56 of bl2 docks in close proximity to K362 
of gpl20; however, the N56 side chain points away from the 
hydrophobic canyon into which Y53 is situated, potentially 
explaining the absence of an effect on gpl20 binding of sub- 
stituting this residue. We would also add the caveat that some 
Ala substitutions can be energetically neutral in receptor-li- 
gand interactions, despite replacing contact residues, as found 
for example in the Fab D1.3-hen egg white lysozyme complex 
(18). Exactly how the bl2 residues discussed above spatially 
relate to residues in gpl20 will require determination of a 
crystal structure of bl2 in complex with gpl20. 

Despite the extreme differences between gpl20 (^120 kDa, 
heavily glycosylated protein) and the B2.1 peptide (dimer ** 
4.3 kDa, nonglycosylated peptide), there are many similarities 
in the effects of bl2 mutations on its binding to these antigens: 
36 mutations had qualitatively similar effects, whereas 14 had 
different effects. A recently solved crystal structure of Fab bl 2 
in complex with the B2.1 peptide should help in identifying 
which of these residues represent differential contacts for B2.1 



FTG. 7. Molecular features of the paratope of bl2. (A) Tube diagram (36) of the combining site of Fab bl2, showing the position of the 
protruding H3 loop relative to the other CDRs. Residues in H3 for which replacement by Ala resulted in a >95% decrease in apparent affinity 
to gpl20 relative to wild-type (w.t.) bl2 are labeled. (B) Stereo diagram of a ball-and-stick representation (24, 36) of the H3 loop of bl2. The key 
residues that were labeled in A are labeled in red. (C and D) Molecular surface rendering (64, 65) of the bl 2 paratope (C, side view; D, top view). 
The light chain is colored pink, and the heavy chain is colored yellow. Residues that upon substitution caused a >95% decrease in apparent affinity 
to gpl20 relative to wild-type bl2 are indicated (solid outline). Note that residue YlOOi is buried. Residues SI 00c, PlOOd, A93, and S94 (dotted 
outline) are shown for facile comparison with panel E. The bl2 structure is taken from Saphire et al. (66). (E) Crystal structure of the gpl20 core 
(39) with the residues of bl2 that are predicted from the docking model (66) to he in close proximity to the outlined region on gpl20. Thus, the 
labeled residues are those of bl2, not gp!20. Putative footprints in pink and yellow are from light- and heavy-chain residues, respectively. Asterisks 
(*) indicate the predicted contact residues that were also found to be critical for gpl20 recognition by mutational analysis in this study, as defined 
in panels C and D. Note: a crystal structure of bl2 in complex with core gpl20 is as yet unavailable. (F) Sequence conservation map of core gpl20 
as defined by Kwong et al. (39). Residues in blue are conserved among all primate retroviruses, residues in green are conserved among all HTV-1 
isolates, residues in yellow are moderately conserved among all HIV-1 isolates, and residues in grey are variable. Carbohydrate has been modeled 
onto the core structures (39) of gpl20. 
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and gp120 (E. O. Saphire, M. Montero, A. Menendez, M. B. 
Irving, M. B. Zwick, P. W. H. I. Parren, D. R. Burton, J. K. 
Scott, and I. A. Wilson, submitted for publication). The 
DIOOfE mutation, in particular, is interesting because it is 
conservative yet it severely impairs bl2 binding to B2.1, 
whereas gpl20 binding is almost unchanged. In addition, mu- 
tations DIOOaA, DIOObA, 3D3A, and 3D2N all enhance bl2 
binding to B2.1 but reduce binding to gpl20, suggesting that 
the "acidic patch" on the H3 loop (66) is more favorable for 
binding to gp!20 than to B2.1. It is also noteworthy that bind- 
ing of the W100 mutants to the B2.1 peptide was the same as 
wild-type b12, which may be expected since B2.1 does not have 
a deep hydrophobic cavity like gpl20. 

IgGl bl2 is one of a very few antibodies that exhibit potent 
cross-isolate anti-HIV-1 neutralizing activity (7, 8, 11, 21, 37, 
79). It is therefore instructive to gather structural and func- 
tional information with respect to the neutralizing activity of 
IgGl bl2 in the hope of learning how to reproducibly elicit 
b!2-like antibodies. From the antibody perspective, a question 
that surfaces in regard to this goal is how close to b!2 does an 
antibody need to be in order to have the same ability to neu- 
tralize HTV-1. Two possibilities may exist: bl2 is a unique 
specificity that cannot be reproduced with antibodies with low 
sequence homology to bl2, or the specificity of bl2 may be 
reproduced by a wide spectrum of nonhomologous antibodies. 

Obviously, the former possibility would present a much 
greater challenge to template-driven vaccine design in that 
only anti-CD4bs antibodies that use the same germ line genes 
as bl2 and have the correct critical residues in the CDRs would 
be broadly HIV-1 neutralizing. Some of these crucial residues 
are encoded by non-germ line DNA sequences. However, one 
of the very hallmarks of the humoral immune response is its 
ability to devise novel solutions to biomolecular recognition 
with molecules that have low sequence homology (i.e., the 
variable regions of antibodies) yet can still recognize the same 
epitope. Such plasticity in antigen recognition has been ob- 
served in other ligand-receptor systems (84). Clearly, addi- 
tional broadly neutralizing anti-CD4bs antibodies are sorely 
needed in order to determine whether or not the key molecular 
features of bl2, such as the long and rigid CDR H3 finger, the 
positively charged shelf-like structure in LI, and the high level 
of somatic mutation in b!2, are required of other anti-CD4bs 
antibodies in order to be as broadly neutralizing against 
HIV-1. 

ACKNOWLEDGMENTS 

We thank Ray Sweet for sharing mutagenesis data on CD4, Robert 
Kelleher and Nienke van Houten for excellent technical assistance, 
and Liang Yan for assistance with peptide synthesis. We also thank Bill 
Olson and Paul Maddon (Progenies, Tarrytown, N.Y.) for the kind gift 
of gpl20 JRFL . 

We acknowledge support from the Elizabeth Glaser Pediatric AIDS 
Foundation and the Natural Sciences and Engineering Research 
Council of Canada (M.B.Z.); MH62261 (P.E.D.); AI49111, AI49808, 
and MRC HOP14562 (J.K.S.); GM46192 (I.A.W.); AI40377 
(P.W.H.I.P.); and AI33292 (D.R.B.). E.O.S. is a fellow of the Univer- 
sitywide AIDS Research Program. D.R.B. and I.A.W. are supported 
by IAVI through the Neutralizing Antibody Consortium. 

REFERENCES 

1. Altschul, S. F., T. L. Madden, A. A. Schaffer, J. Zhang, Z. Zhang, W. Miller, 
and D. J. Lip man. 1997. Gapped BLAST and PSI-BLAST: a new generation 
of protein database search programs. Nucleic Acids Res. 25:3389-3402. 



2. Baba, T. W., V. Liska, R. Hofmann-Lehmann, J. Vlasak, W. Xu, S. Ayehunie, 
L. A. Cavacini, M. R. Posner, H. Katinger, G. Stiegler, B. J. Bernacky, T. A. 
Rizvi, R. Schmidt, L. R. Hill, M. E. Keeling, Y. Lu, J. E. Wright, T. C. Chou, 
and R. M. Ruprecht. 2000. Human neutralizing monoclonal antibodies of the 
IgGl subtype protect against mucosal simian-human immunodeficiency virus 
infection. Nat. Med. 6:200-206. 

3. Barbas, C. F., Ill, D. R. Burton, J. K. Scott, and G. J. Silverman. 2001. Phage 
display: a laboratory manual. Cold Spring Harbor Laboratory Press, Cold 
Spring Harbor, N.Y. 

4. Barbas, C. F., Ill, T. A. Collet, W. Amberg, P. Roben, J. M. Binley, D. 
Hoekstra, D. Cababa, T. M. Jones, R. A. Williamson, G. R. Pilkington, N. L. 
Haigwood, E Cabezas, A. C. Satterthwait, I. Sanz, and D. R. Burton. 1993. 
Molecular profile of an antibody response to HIV-1 as probed by combina- 
torial libraries. J. Mol. Biol. 230:812-823. 

5. Barbas, C. F., Ill, D. Hu, N. Dunlop, L. Sawyers, D. Cababa, R. M. Hendry, 
P. L. Nara, and D. R. Burton. 1994. In vitro evolution of a neutralizing 
human antibody to HIV-1 to enhance affinity and broaden stain cross- 
reactivity. Proc. Natl. Acad. Sci. USA 91:3809-3813. 

6. Bamett, S. W., S. Lu, I. Srivastava, S. Cherpelis, A. Gettie, J. Blanchard, S. 
Wang, I. Mboudjeka, L. Leung, Y. Lian, A. Fong, C. Buckner, A. Ly, S. Hilt, 
J. Ulmer, C T. Wild, J. R. Mascola, and L. Stamatatos. 2001. The ability of 
an oligomeric human immunodeficiency virus type 1 (HTV-1) envelope an- 
tigen to elicit neutralizing antibodies against primary HIV-1 isolates is im- 
proved following partial deletion of the second hype rvari able region. J. Vi- 
rol. 75:5526-5540. 

7. Bures, R., L. Morris, C. Williamson, G. Ramjee, M. Deers, S. A. Fiscus, S. 
Abdool-Karim, and D. C. Monteftori. 2002. Regional clustering of shared 
neutralization determinants on primary isolates of cladc C human immuno- 
deficiency virus type 1 from South Africa. J. Virol. 76:2233-2244. 

8. Burton, D. R. 1997. A vaccine for HIV type 1: the antibody perspective. Proc. 
Natl. Acad. Sci. USA 94:10018-10023. 

9. Burton, D. R., C. F. Barbas ITI, M. A. A. Persson, S. Koenig, R. M. Chanock, 
and R. A. Lerner. 1991. A large array of human monoclonal antibodies to 
type 1 human immunodeficiency virus from combinatorial libraries of asymp- 
tomatic seropositive individuals. Proc. Natl. Acad. Sci. USA 88:10134-10137. 

10. Burton, D. R., and J. P. Moore. 1998. Why do we not have an HIV vaccine 
and how can we make one? Nat. Med. 4:495-498. 

11. Burton, D. R., J. Pyati, R. Koduri, S. J. Sharp, G. B. Thornton, P. W. H. I. 
Parren, L. S. W. Sawyer, R. M. Hendry, N. Dunlop, P. L. Nara, M. Lamac- 
chia, E. Garratty, E. R. Stiehm, Y. J. Bryson, Y. Cao, J. P. Moore, D. D. Ho, 
and C. F. Barbas. 1994. Efficient neutralization of primary isolates of HIV-1 
by a recombinant human monoclonal antibody. Science 266:1024-1027. 

1 2. Caffrey, M., M. L. Cai, J. Kaufman, S. J. Stahl, P. T. Wingfield, D. G. Covell, 
A, M. Gronenbom, and G. M. Gore. 1998. Three-dimensional solution 
structure of the 44 kDa ectodomain of SIV gp41. EMBO J. 17:4572-4584. 

13. Chan, D. C, D. Fass, J. M. Berger, and P. S. Kim. 1997. Core structure of 
gp41 from the HTV envelope glycoprotein. Cell 89:263-273. 

14. Conley, A. J., J. A. Kessler n, L. J. Boots, P. M. McKenna, W. A. Schleif, 
E. A. Emini, G. E. Mark HI, H. Katinger, E. K. Cobb, S. M. Lunceford, S. R. 
Rouse, and K. K. Murthy. 1996. The consequence of passive administration 
of an anti-human immunodeficiency virus type 1 neutralizing monoclonal 
antibody before challenge of chimpanzees with a primary virus isolate. J. Vi- 
rol. 70:6751-6758. 

15. Connor, R. L, D. C. Montefiori, J. M. Binley, J. P. Moore, S. Bonhoeffer, A. 
Gettie, E. A. Fenamore, K. E. Sheridan, D. D. Ho, P. J. Dailey, and P. A 
Marx. 1998. Temporal analyses of virus replication, immune responses, and 
efficacy in rhesus macaques immunized with a live, attenuated simian immu- 
nodeficiency virus vaccine. J. Virol. 72:7501-7509. 

16. Cormier, E. G., and T. Dragic. 2002. The crown and stem of the V3 loop play 
distinct roles in human immunodeficiency virus type 1 envelope glycoprotein 
interactions with the CCR5 coreceptor. J. Virol. 76:8953-8957. 

17. Cox, J. P., I. M. Tomlinson, and G. Winter. 1994. A directory of human 
germ-line V kappa segments reveals a strong bias in their usage. Eur. J. Im- 
munol. 24:827-836. 

18. Dall'Acqua. W., E. R. Goldman, W. Lin, C. Teng, D. Tsuchiya, H. Li, X. 
Ysern, B. C. Braden, Y. Li, S. J. Smith-Gill, and R. A Mariuzza. 1998. A 
mutational analysis of binding interactions in an antigen- antibody protein- 
protein complex. Biochemistry 37:7981-7991. 

19. Dawson, P. E., T. W. Muir, I. Clark-Lewis, and S. B. Kent 1994. Synthesis 
of proteins by native chemical ligation. Science 266:776-779. 

20. D'Souza, M. P., S. J. Geyer, C. V. Hanson, R. M. Hendry, and G. Milman. 
1994. Evaluation of monoclonal antibodies to HIV-1 envelope by neutral- 
ization and binding assays: an international collaboration. AIDS 8:169-181. 

21. D'Souza, M. P., D. Livnat, J. A. Bradac, S. Bridges, the AIDS Clinical Trials 
Group Antibody Selection Working Group, and Collaborating Investigators. 
1997. Evaluation of monoclonal antibodies to HIV-1 primary isolates by 
neutralization assays: performance criteria for selecting candidate antibodies 
for clinical trials. J. Infect. Dis. 175:1056-1062. 

22. D'Souza, M. P., G. Milman, J. A Bradac, D. McPhee, C V. Hanson, R. M. 
Hendry, and Collaborating Investigators. 1995. Neutralisation of primary 
HIV-1 isolates by anti-envelope monoclonal antibodies. AIDS 9:867-874. 

23. Earl, P. L., C. C. Broder, R. W. Doms, and B. Moss. 1997. Epitope map of 



Vol. 77, 2003 



MUTAGENESIS OF ANTI-HIV-1 ANTIBODY bl2 5875 



human immunodeficiency virus type 1 gp41 derived from 47 monoclonal 
antibodies produced by immunization with oligomeric envelope protein. 
J. Virol. 71:2674-2684. 

24. Esnouf, R. M. 1999. Further additions to MolScript version 1.4, including 
reading and contouring of electron-density maps. Acta Crystallogr. D Biol. 
Crystallogr. 55:938-940. 

25. Figini, M., J. D. Marks, G. Winter, and A. D. Griffiths. 1994. In vitro 
assembly of repertoires of antibody chains on the surface of phage by rena- 
turation. J. Mol. Biol. 239:68-78. 

26. Graham, B. S., M. J. McElrath, R. I. Connor, D. H. Schwartz, G. J. Gorse, 
M. C. Keefer, M. J. Mulligan, T. J. Matthews, S. M. Wolinsky, D. C. 
Montefiuri, S. H. Vermund, J. S. Lambert, L. Corey, R. B. Belshe, R. Dolin, 
P. F. Wright, B. T. Korber, M. C. Wolff, P. E. Fast, the AIDS Vaccine 
Evaluation Group, and the Correlates of HTV Immune Protection Group. 
1998. Analysis of intercurrent human immunodeficiency virus type 1 infec- 
tions in phase I and II trials of current AIDS vaccines. J. Infect. Dis. 
177:310-319. 

27. Grundner, C, T. Mirzabekov, J. Sodroski, and R. Wyatt. 2002. Solid-phase 
proteoliposomes containing human immunodeficiency virus envelope glyco- 
proteins. J. Virol. 76:3511-3521. 

28. Hackeng, T. M., J. H. Griffin, and P. E. Dawson. 1999. Protein synthesis by 
native chemical ligation: expanded scope by with straightforward methodol- 
ogy. Proc. Natl. Acad. Sci. USA 96:10068-10073. 

29. Helseth, E., U. Olshevsky, C. Furman, and J. Sodroski. 1991. Human im- 
munodeficiency virus type 1 gpl20 envelope glycoprotein regions important 
for association with the gp41 transmembrane glycoprotein. J. Virol. 65:21 19- 
2123. 

30. Ho, D. D., J. A. McKeating, X. L. Li, T. Moudgil, E. S. Daar, N. C. Sun, and 
J. E. Robinson. 1991. Conformational epitope on gpl20 important in CD4 
binding and human immunodeficiency virus type 1 neutralization identified 
by a human monoclonal antibody. J. Virol. 65:489-^93. 

31. Hutchinson, E. G., and J. M. Thornton. 1994. A revised set of potentials for 
beta-turn formation in proteins. Protein Sci, 3:2207-2216. 

32. Johnson, R. P., and R, C. Desrosiers. 1998. Protective immunity induced by 
live attenuated simian immunodeficiency virus. Curr. Opin. Immunol. 10: 
436-443. 

33. Joshi, S. B., R. E. Dutch, and R. A. Lamb. 1998. A core trimer of the 
paramyxovirus fusion protein: parallels to influenza virus hemagglutinin and 
HIV-1 gp41. Virology 248:20-34. 

34. Kabat, E. A., T. T. Wu, H. M. Perry, K. S. Gottesman, and C. Foeller. 1991. 
Sequences of proteins of immunological interest. Department of Health and 
Human Services, Washington, D.C. 

35. Kalinke, U., A. Oxcnius, C. Lopez-Macias, R. M. Zinkemagel, and H. Hen- 
gartner. 2000. Virus neutralization by germ-line vs. hypermutated antibod- 
ies. Proc. Natl. Acad. Sci. USA 97:10126-10131. 

36. Karulis, P. J. 1991. MOLSCRIPT: a program to produce both detailed and 
schematic plots of protein structures. J. Appl. Crystallogr. 24:946-950. 

37. Kessler, J. A., P. M. McKenna, E. A Emini, C. P. Chan, M. D. Patel, S. K. 
Gupta, G. E. Mark III, C. F. Barbas III, D. R. Burton, and A. J. Conley. 1997. 
Recombinant human monoclonal antibody IgGl bl2 neutralizes diverse 
human immunodeficiency virus type 1 primary isolates. AIDS Res. Hum. 
Retrovir. 13:575-581. 

38. Kostrikis, L. G., Y. Cao, H. Ngai, J. P. Moore, and D. D. Ho. 1996. Quan- 
titative analysis of serum neutralization of human immunodeficiency virus 
type 1 from subtypes A, B, C, D, E, F, and I: lack of direct correlation 
between neutralization serotypes and genetic subtypes and evidence for 
prevalent serum-dependent infectivity enhancement. J. Virol. 70:445-458. 

39. Kwong, P. D., R. Wyatt, J. Robinson, R. W. Sweet, J. Sodroski, and W. A 
Hendrickson. 1998. Structure of an HIV gpl20 envelope glycoprotein in 
complex with the CD4 receptor and a neutralizing human antibody. Nature 
393:648-659. 

40. Kwong, P. D., R. Wyatt, Q. J. Sattentau, J. Sodroski, and W. A. Hendrickson. 
2000. Oligomeric modeling and electrostatic analysis of the gpl20 envelope 
glycoprotein of human immunodeficiency virus. J. Virol. 74:1961-1972. 

41. Laal, S., S. Burda, M. K. Gorny, S. Karwowska, A. Buchbinder, and S. 
Zolla-Pazner. 1994. Synergistic neutralization of human immunodeficiency 
virus type 1 by combinations of human monoclonal antibodies. J. Virol. 
68:4001-4008. 

42. Lefranc, M. P. 2001. IMGT, the international ImMunoGeneTics database. 
Nucleic Acids Res. 29:207-209. 

43. Li, A., H. Katinger, M. R. Posner, L. Cavacini, S. Zolla-Pazner, M. K. Gorny, 
J. Sodroski, T. C. Chou, T. W. Baba, and R. M. Ruprecht 1998. Synergistic 
neutralization of simian-human immunodeficiency virus SHIV-vpu* by tri- 
ple and quadruple combinations of human monoclonal antibodies and high- 
titer anti-human immunodeficiency virus type 1 immunoglobulins. J. Virol. 
72:3235-3240. 

44. Mascola, J. R., M. G. Lewis, G. Stiegler, D. Harris, T. C. VanCott, D. Hayes, 
M. K. Louder, C. Brown, C. V. Sapan, S. S. Frankel, Y. Lu, M. L. Robb, H. 
Katinger, and D. L. Birx. 1999. Protection of macaques against pathogenic 
SHIV-89.6PD by passive transfer of neutralizing antibodies. J. Virol. 73; 
4009-4018. 

45. Mascola, J. R., M. K. Louder, S. R. Surman, T. C. VanCott, X. F. Yu, J. 



Bradac, K. R. Porter, K. E. Nelson, M. Girard, J. G. McNeil, F. E. Mc- 
Cutchan, D. L. Birx, and D. S. Burke. 1996. Human immunodeficiency virus 
type 1 neutralizing antibody serotyping with serum pools and an infectivity 
reduction assay. ATDS Res. Hum. Retrovir. 12:1319-1328. 

46. Mascola, J. R., G. Stiegler, T. C. VanCott, H. Katinger, C. B. Carpenter, 

C. E. Hanson, H. Beary, D. Hayes, S. S. Frankel, D. L. Birx, and M. G. Lewis. 
2000. Protection of macaques against vaginal transmission of a pathogenic 
HIV-1/SIV chimeric virus by passive infusion of neutralizing antibodies. Nat. 
Med. 6:207-210. 

47. McHugh, L., S. Hu, B. K. Lee, K. Santora, P. E. Kennedy, E. A. Berger, I. 
Pastan, and D. H. Hamer. 2002. Increased affinity and stability of an anti- 
HIV-1 envelope immunotoxin by structure based mutagenesis. J. Biol. 
Chcm. 277:34383-34390. 

48. Moog, C, H. J. A Fleury, I. Pellegrin, A. Kim, and A. M. Aubertin. 1997. 
Autologous and heterologous neutralizing antibody responses following ini- 
tial seroconversion in human immunodeficiency virus type 1 -infected indi- 
viduals. J. Virol. 71:3734-3741. 

49. Moore, J. P., Q. J. Sattentau, R. Wyatt, and J. Sodroski. 1994. Probing the 
structure of the human immunodeficiency virus surface glycoprotein gpl20 
with a panel of monoclonal antibodies. J. Virol. 68:469-484. 

50. Moore, J. P., and J. Sodroski. 1996. Antibody cross-competition analysis of 
the human immunodeficiency virus type 1 gpl20 exterior envelope glycop- 
rotein. J. Virol. 70:1863-1872. 

51 . Moulard, M„ S. K. Phogat, Y. Shu, A. F. Labrijn, X. Xiao, J. M. Binley, M. Y. 
Zhang, I. A Sidorov, C. C. Broder, J. Robinson, P. W. H. I. Parren, D. R. 
Burton, and D. S. Dimitrov. 2002. Broadly cross- re active HIV-1 -neutralizing 
human monoclonal Fab selected for binding to gpl20-CD4-CCR5 com- 
plexes. Proc. Natl. Acad. Sci. USA 99:6913-6918. 

52. Muster, T., F. Steindl, M. Purtscher, A. Trkola, A. Klima, G. Himmler, F. 
Ruker, and H. Katinger. 1993. A conserved neutralizing epitope on gp41 of 
human immunodeficiency virus type 1. J. Virol. 67:6642-6647. 

53. Nunberg, J. H., K. E. Follis, M. Trahey, and R. A. LaCasse. 2000. Turning a 
corner on HIV neutralization? Microbes Infect. 2:213-221. 

54. Nyambi, P. N., H. A. Mbah, S. Burda, C. Williams, M. K. Gorny, A. Nadas, 
and S. Zolla-Pazner. 2000. Conserved and exposed epitopes on intact, na- 
tive, primary human immunodeficiency virus type 1 virions of group M. J. 
Virol. 74:7096-7107. 

55. Pantophlct, R., E. O. Saphire, P. Poignard, P. W. H. I. Parren, I. A. Wilson, 
and D. R. Burton. 2003. Fine mapping of the interaction of neutralizing and 
nonneutraJizing monoclonal antibodies with the CD4 binding site of human 
immunodeficiency virus type 1 gpl20. J. Virol. 77:642-658. 

56. Parren, P. W. H. I., H. J. Ditzel, R. J. Guiizia, J. M. Binley, C. F. Barbas m, 

D. R. Burton, and D. E. Mosier. 1995. Protection against HIV-1 infection in 
hu-PBL-SCID mice by passive immunization with a neutralizing human 
monoclonal antibody against the gp!20 CD4-binding site. AIDS 9:F1-F6. 

57. Parren, P. W. H. I., P. Fisicaro, A. F. Labrijn, J. M. Binley, W. P. Yang, H. J. 
Ditzel, C. F. Barbas ID, and D. R Burton. 1996. In vitro antigen challenge 
of human antibody libraries for vaccine evaluation: the human immunode- 
ficiency vims type I envelope. J. Virol. 70:9046-9050. 

58. Parren, P. W. H. I., P. A Marx, A. J, Hessell, A. Luckay, J. Harouse, C. 
Cheng-Mayer, J. P. Moore, and D. R. Burton. 2001. Antibody protects 
macaques against vaginal challenge with a pathogenic R5 simian/human 
immunodeficiency virus at serum levels giving complete neutralization in 
vitro. J. Virol. 75:8340-8347. 

59. Parren, P. W. H. I., I. Mondor, D. Naniche, H. J. Ditzel, P. J. Klasse, D. R. 
Burton, and Q. J. Sattentau. 1998. Neutralization of HIV-1 by antibody to 
gpl20 is determined primarily by occupancy of sites on the virion irrespective 
of epitope specificity. J. Virol. 72:3512-3519. 

60. Poignard, P., E. O. Saphire, P. W. II. I. Parren, and D. R. Burton. 2001. 
gpl20: biologic aspects of structural features. Annu. Rev. Immunol. 19:253- 
274. 

61. Purtscher, M., A. Trkola, G. Gruber, A Buchacher, R. Predl, F. Steindl, C. 
Tauer, R. Berger, N. Barrett, A Jungbauer, and H. Katinger. 1994. A 
broadly neutralizing human monoclonal antibody against gp41 of human 
immunodeficiency virus type I. AIDS Res. Hum. Retrovir. 10:1651-1658. 

62. Roben, P., J. P. Moore, M. Thali, J. Sodroski, C. F. Barbas III, and D. R. 
Burton. 1994. Recognition properties of a panel of human recombinant Fab 
fragments to the CD4 binding site of gpl20 that show differing abilities to 
neutralize human immunodeficiency virus type 1. J. Virol. 68:4821-4828. 

63. Sanders, R. W., M. Venturi, L. Schiffner, R. Karyanaraman, H. Katinger, 
K. O. Lloyd, P. D. Kwong, and J. P. Moore. 2002. The mannose-dependent 
epitope for neutralizing antibody 2G12 on human immunodeficiency virus 
type 1 glycoprotein gpl20. J. Virol. 76:7293-7305. 

64. Sanner, M. F., B. S. Duncan, C. J. Carrillo, and A J. Olson. 1999. Integrat- 
ing computation and visualization for biomolecular analysis: an example with 
PYTHON and AVS, p. 401^12. In R. B. Altman, K. Lauderdale, A. K. 
Dunker, L. Hunter, and T. E. Klein (ed.), Biocomputing '99: Proceedings of 
the Pacific Symposium. World Scientific Press, Mauna Lani, Hawaii. 

65. Sanner, M. F., A J. Olson, and J. C. Spehner. 1996. Reduced surface: an 
efficient way to compute molecular surfaces. Biopolymers 38:305-320. 

66. Saphire, E. O., P. W. Parren, R. Pantophlet, M. B. Zwick, G. M. Morris, 
P. M. Rudd, R. A. Dwek, R. L. Slanfield, D. R. Burton, and I. A Wilson. 



5876 ZWICK ET AL. 



J. Virol 



2001. Crystal structure of a neutralizing human TgG against HIV-1: a tem- 
plate for vaccine design. Science 293:1155-1159. 

67. Sattentau, Q. J., and J. P. Moore. 1995. Human immunodeficiency virus type 
1 neutralization is determined by epitope exposure on the gpl20 oligomer. J. 
Exp. Med. 182:185-196. 

68. Sattentau, Q. J., M. Moulard, B. Brivet, F. Botto, J. C. Cuillemot, I. Mondor, 
P. Poignard, and S. Ugolini. 1999. Antibody neutralization of HTV-1 and the 
potential for vaccine design. Immunol. Lett. 66:143-14y. 

69. Sattentau, Q. J., S. Zolla-Pazner, and P. Poignard. 1995. Epitope exposure 
on functional, oligomeric HTV-1 gp41 molecules. Virology 206:713-717. 

70. Scanlan, C. N., R. Pantophlet, M. R. Worrawald, E. O. Saphire, R. Stanfield, 
I. A. Wilson, H. Katinger, R. A. Dwek, P. M. Rudd, and D. R. Burton. 2002. 
The broadly neutralizing anti-human immunodeficiency virus type 1 anti- 
body 2G12 recognizes a cluster of al— *2 mannose residues on the outer face 
of gpl20. J. Virol. 76:7306-7321. 

71. Schnolzer, M., P. Alewood, A. Jones, D. Alewood, and S. B. Kent. 1992. In 
situ neutralization in Boc-chcmistry solid phase peptide synthesis. Rapid, 
high yield assembly of difficult sequences. Int. J. Peptide Protein. Res. 40: 
180-183. 

72. Sch0nning, K., A. Bolmstedt, J. Novotny, O. S. Lund, S. Olofsson, and 
J. E. S. Hansen. 1 998. Induction of antibodies against epitopes inaccessible 
on the HIV type 1 envelope oligomer by immunization with recombinant 
monomeric glycoprotein 120. AIDS Res. Hum. Retroviruses 16:1451-1456. 

73. Shibata, R., T. Igarashi, N. Haigwood, A. Buckler-White, R. Ogert, W. Ross, 
R. Willey, M. W. Cho, and M. A. Martin. 1999. Neutralizing antibody di- 
rected against the HIV-1 envelope glycoprotein can completely block HIV- 
1/SIV chimeric virus infections of macaque monkeys. Nat. Med. 5:204-210. 

74. Stiegler, G., R. Kunert, M. Purtscher, S. Wolbank, R. Voglauer, F. Steindl, 
and H. Katinger. 2001 . A potent cross-clade neutralizing human monoclonal 
antibody against a novel epitope on gp4! of human immunodeficiency virus 
type 1. AIDS Res. Hum. Retroviruses 17:1757-1765. 

75. Thali, M., C. Furman, D. D. Ho, J. Robinson, S. Tilley, A Pinter, and J. 
Sodroski. 1992. Discontinuous, conserved neutralization epitopes overlap- 
ping the CD4 binding region of the HIV-1 gpl20 envelope glycoprotein. 
J. Virol. 66:5635-5641. 

76. Thali, M., U. Olshevshy, C. Furman, D. Gabuzda, M. Posner, and J. So- 
droski. 1991. Characterization of a discontinuous human immunodeficiency 
virus type 1 gpl20-epitope recognized by a broadly reactive neutralizing 
human monoclonal antibody. J. Virol. 65:6188-6193. 

77. Tilley, S. A., W. J. Honnen, M. E. Racho, M. Hilgartner, and A. Pinter. 1991. 
A human monoclonal antibody against the CD4-binding site of HIV-1 gpl20 
exhibits potent, broadly neutralizing activity. Res. Virol. 142:247-259. 

78. Tomlinson, I. M., G. Walter, J. D. Marks, M. B. Llewelyn, and G. Winter. 
1992. The repertoire of human germline V H sequences reveals about fifty 
groups of V H segments with different hypcrvariablc loops. J. Mol. Biol. 
227:776-798. 

79. Trkola, A, A. P. Pomales, H. Yuan, B. Korber, P. J. Maddon, G. Allaway, H. 
Katinger, C. F. Barbas in, D. R. Burton, D. D. Ho, and J. P. Moore. 1995. 
Cross-clade neutralization of primary isolates of human immunodeficiency 
virus type 1 by human monoclonal antibodies and tetrameric CD4-lgG. 
J. Virol. 69:6609-6617. 

80. Trkola, A., M. Purtscher, T. Muster, C. Ballaun, A Buchacher, N. Sullivan, 
K. Srinivasan, J. Sodroski, J. P. Moore, and H. Katinger. 1996. Human 
monoclonal antibody 2G12 defines a distinctive neutralization epitope on the 



gpl20 glycoprotein of human immunodeficiency virus type T. J. Virol. 70: 
1100-1108. 

81. VanCott, T. C., J. R. Mascola, L. D. Loomis-Price, F. Sinangil, N. Zitomer- 
sky, J. McNeil, M. L. Robb, D. L. Birx, and S. BarnetL 1999. Cross-subtype 
neutralizing antibodies induced in baboons by a subtype E gpl20 immuno- 
gen based on an R5 primary HIV-1 envelope. J. Virol. 73:4640-4650. 

82. VanDyk, L., and K. Meek, 1992. Assembly of IgH CDR3: mechanism, reg- 
ulation, and influence on antibody diversity. Int. Rev. Immunol. 8:123-133. 

83. Weissenhorn, W., A. Dessen, S. C. Harrison, J. J. Skehel, and D. C. Wiley. 
1997. Atomic structure of the ectodomain from HIV-1 gp41. Nature 387: 
426-430. 

84. Wilson, I. A, and L. FC Jolliffe. 1999. The structure, organization, activation 
and plasticity of the erythropoietin receptor. Curr. Opin. Struct. Biol. 9:696- 
704. 

85. Wrin, T., L. Crawford, L. Sawyer, P. Weber, H. W. Sheppard, and C. V. 
Hanson. 1994. Neutralizing antibody responses to autologous and heterolo- 
gous isolates of human immunodeficiency virus. J. Acquired Immune Defic. 
Syndr. Hum. Retrovirol. 7:211-219. 

86. Wyatt, R., E. Desjardin, U. Olshevsky, C. Nixon, J. Binley, V. Olshevsky, and 
J. Sodroski. 1997. Analysis of the interaction of the human immunodefi- 
ciency virus type 1 grpl20 envelope glycoprotein with the gp41 transmem- 
brane glycoprotein. J. Virol. 71:9722-9731. 

87. Wyatt, R., P. D. Kwong, E. Desjardins, R. W. Sweet, J. Robinson, W. A 
Hendrickson, and J. G. Sodroski. 1998. The antigenic structure of the HIV 
gpl20 envelope glycoprotein. Nature 393:705-711. 

88. Wyatt, R., and J. Sodroski. 1998. The HIV-1 envelope glycoproteins: fuso- 
gens, antigens, and immunogens. Science 280:1884-1888. 

89. Xu, J. L., and M. M. Davis. 2000. Diversity in the CDR3 region of V(H) is 
sufficient for most antibody specificities. Immunity 13:37-45. 

90. Yang, W. P., K. Green, S. Pinz-Sweeney, A T. Briones, D. R. Burton, and 
C. F. Barbas III. 3995. CDR walking mutagenesis for the affinity maturation 
of a potent human anti-HIV-1 antibody into the picomolar range. J. Mol. 
Biol. 254:392-403. 

91. Zhu, C. B., L. Zhu, S. Holz-Smith, T. J. Matthews, and C. H. Chen. 2001. 
The role of the third beta strand in gpl20 conformation and neutralization 
sensitivity of the HIV-1 primary isolate DH012. Proc. Natl. Acad. Sci. USA 
98:15227-15232. 

92. Zolla-Pazner, S., M. K. Gomy, and P. N. Nyambi. 1999. The implications of 
antigenic diversity for vaccine development. Immunol. Lett. 66:159-164. 

93. Zwick, M. B., L. L. C. Bonnycastle, A Menendez, M. B. Irving, C. F. Barbas 
in, P. W. H. I. Parren, D. R. Burton, and J. K. Scott. 2001 . Identification and 
characterization of a peptide that specifically binds the human, broadly 
neutralizing anti-human immunodeficiency virus type 1 antibody bl2. J. Vi- 
rol. 75:6692-6699. 

94. Zwick, M. B., A. F. Labrijn, M. Wang, C. Spenlehauer, E. O. Saphire, J. M. 
Binley, J. P. Moore, G. Stiegler, H. Katinger, D. R. Burton, and P. W. H. I. 
Parren. 2001. Broadly neutralizing antibodies targeted to the membrane- 
proximal external region of human immunodeficiency virus type 1 glycopro- 
tein gp41. J. Virol. 75:10892-10905. 

95. Zwick, M. B., M. Wang, P. Poignard, G. Stiegler, H. Katinger, D. R. Burton, 
and P. W. H. I. Parren. 2001 . Neutralization synergy of human immunode- 
ficiency virus type 1 primary isolates by cocktails of broadly neutralizing 
antibodies. J. Virol. 75:12198-12208. 



T4 T8 Ratio : on Medical Dictionary Online 



Page 1 of 1 



Medical Dictionary Online 

a free online medical dictionary search engine for definitions of medical terminology, 
pharmaceutical drugs, healthcare equipment, health conditions, medical devices, specialty terms 
and medical abbreviations. Add The Medical Dictiona ry Online To Your Favorit es 

Me dical Conditions Medical News Law Dictionary Legal Dictionary Computer Dictionary 

Free Medical Dictionary Software 

I _ Look Up 1 

Advanced Search 

Q123456789ABCDEFGHIJKLMNO 

Link to the Medical Dictionary Online Su pport the Medical Dictionary by Advertising! 



T4 T8 Ratio 

Ratio of T-lymphocytes that express the cpi antigen to those 
that express the CD8 antigen. This value is commonly assessed in 
the diagnosis and staging of diseases affecting the immune 
system including HIV infection. 



C Ion Cance r 

Get medically approved facts 
about Cancer symptoms, cancer 
care & more ' 



Cytokine genes 

Interleukines, Interferones: 
^optimized for immune modulation? 



Alternatives for Cancer 

Immune Therapy/Alternative 
m Medicine Melanoma and Cancer 
Therapy 



Medica l Dictionaries 

New 2005 medical dictio 
^Low price online guarant 



Ads by C 



Contact Us :: Link to the Medical Dictionary Online :: lOur Disclaimer - :: Copyright © 2005 




http://www. online-medical 3/16/05 



Retroviridae - Leukemogenic Viruses - information page with HONse... Page 1 of 



ftOJiSaie^ 



m 



_KealUi.OjLUifi.NeifQunilation 



>» 



Your opinion is important to us, please fill the survey questionnaire on the "Medical Internet usage"<« 



Search 33 000 medical terms with HONselect 
All Web sites HONcode sites HONselect News Conferences 



HONselect Search 



Retroviridae 

the word ▼[ Jin MeSH term 



Images 

English - French - German - Spanish - Portuguese 

Search | Clear 

~ 3 



| Information on "Retroviridae": ▼[ 



Hierarchy 



English - French - German - Spanish - Portuguese 



Retroviridae 



Definition: Family of RNA viruses that infects birds and mammals and encodes the 
enzyme reverse transcriptase. The family contains seven genera: HTLV-BLV 
VIRUSES; LENTIVIRUS; RETROVIRUSES TYPE B, MAMMALIAN; RETROVIRUSES 
TYPE C, AVIAN; RETROVIRUSES TYPE C, MAMMALIAN; RETROVIRUSES TYPE D; 
and SPUMAVIRUS. A key feature of retrovirus biology is the synthesis of a DNA copy 
of the genome which is integrated into cellular DNA. After integration it is sometimes 
not expressed but maintained in a latent state (PROVIRUSES). 

Synonym(s): Leukemogenic Viruses / Leukoviruses / Oncornaviruses / Oncovirinae / ^ 



Narrow term(s): 

|£) HTLV-BLV Viruses 

(j^ Retroviruses Type C, 
Avian 

Retroviruses Type D 



£3 Lentivirus ^ Retroviruses Type B, 

Mammalian 

£=J Retroviruses Type C, ^ Retroviruses, Simian 

Mammalian 

^ Endogenous Retroviruses ^ Spumavirus 



MeSH 2001 © National Library of Medicine®. 

Browse - New search 



%| Web resources for "Retroviridae" English (35) French (1) Spanish (1) 

= Site with HON description - \^ = Site with a robot description 



info: 



enter the site: (click below) 

\p http://netvet.wustl.edu/species/primates/primate1 .txt 
\£ HUMAN RETROVIRUSES 
^ AIDS Treatment News 

Perspectives in Disease Prevention and Health Promotion Guid... 
\^ HONcode - All the Virology on the WWW - Virology Laboratories 
^ NIH News-NHGRI Study May Help Scientists Design Safer Metho... 



domain of the site: 

netvet.wustl.edu 
www.uct.ac.za 
www.aidsnews.org 
aepo-xdv-www.epo.cdc.gov 6 
www.tulane.edu 3 
www.nih.gov 3 



http://debussy.hon. ch/cgi-bin/HONselect?browse+B04. 820. 650 



3/16/05 



^Retroviridae - Leukemogenic Viruses - information page with HONse... Page 2 of 3 



\p HONcode - eMedicine - Human T-Cell Lymphotrophic Viaises : Article by ... 
\p HONcode - CDC - Chronic Fatigue Syndrome 
^ moreHIV 

\? HONcode - Mysterious Monkey Molecule Keeps HIV at Bay 
\£ m HONcode - AidsPortugal - 

www.HIVandHepatitis.com 

Virus diseases 

National AIDS Treatment Advocacy Project - NATAP - HIV - AID... 
\i HONcode - All the Virology: Table of Contents 



www.emedicine.com 
www.co-cure.org 
biology.fullerton.edu 
my.webmd.com 
www.aidsportugal.com 
www.hivandhepatitis.com 4 
www.path.ox.ac.uk 
www.natap.org 
www.virology.net 
next results 



Narrow term(s): - Endogenous Retroviruses - Lentivirus 
Broader term(s): - RNA Viruses - Viruses 



Browse - New search 



} Medical image(s) for "Retroviridae" 

No results for this term. Browse other medical images in HONmedia? 

Broader term(s): - Viruses 



Browse - New search 



\£ Medical News for "Retroviridae" 

No results for this term. More health news 



Broader term(s): - Viruses 



\<-js Scientific articles from MEDLINE for 
"Retroviridae" 



Browse - New search 
English - French - German - Spanish - Portuguese 



All recent articles 



Xf- Therapy: by recall I by precision 

\?- Diagnosis: by recall I by precision 

\?- Etiology: by recall I by precision 

V 5 Prognosis: by recall I by precision 



Browse - New search 



op Clinical Trials for "Retroviridae" 

No results for this term. Consult others clinical trials from ClinicalTrials.gov 

Broader term(s): - Viruses 

Browse - New search 

$y Medical Conferences/Events for "Retroviridae" 

No results for this term. Consult HON's world-wide database of medical meetings 

Browse - New s arch 



P Refine the search for "Retroviridae" 



http://debussy.hon.ch/cgi-bin/HONselect?browse+B04.820.650 



3/16/05 



Retroviridae - Leukemogenic Viruses - information page with HONse... Page 3 of 3 

Subheadings: 

chemistry / metabolism / physiology 



Broader term(s): 



CD Organisms 

& Viruses 

Vertebrate Viruses 
& RNA Viruses $ 

Oncogenic Viruses ^ 

& RNA Viruses Q 



MeSH 2001 © National Library of Medicine®. 

Browse - New search 



Most frequently used terms 



List of Rare Disease 



Add HONselect 



Extract MeSH 



C Home C About us C Site map C Feedback C Search C HONewsletter C Disclaimer c © HON 

http://www.hon.ch/cgi-bin/HONselect Last modified: Jan 31 2005 1 1 :42 



http://debussy.hon. ch/cgi-bin/HONselect?browse+B04. 820. 650 



3/16/05 



Printed by EAST 



UserlD: ELe2 

Computer: WS09083 

Date: 3/16/05 

Time: 4:12 PM 



Document Listing 

Document Image pages Text pages HTML pages Error Pages 

US 5925555 A 0 0 10 

Total 0 0 10 



3/16/05, EAST Version: 2.0.1.4 



US- PAT- NO: 



5925555 



DOCUMENT- US 5925555 A 

IDENTIFIER: 

TITLE: Process for the production of a viable cell culture infected by a multiple 

sclerosis-associated virus 



Other Reference Publication - OREF (58): 



D. Giulian et al. ; "Secretion of Neurotoxins by Mononuclear Phagocytes Infected with HIV -1". 
Science, vol. 250, Dec. 14, 1990, pp. 1593-1596. 



3/16/05, EAST Version: 2.0.1.4 



v STIC-ILL 



Fr m: 
Sent: 
T : 

Subject: 



Le, Emily 

Wednesday, March 16, 2005 5:24 PM 
STIC-ILL 

Article Request: 10/764356 




•BioTecf, 
v ol NO 




Please provide a copy of the following: 
1 Bracci et al. Arch. Virol. 1 14: 265. 199 0. 
'<-2TBracci et al. FEBS Lett 31 1: 1 15 J 992) 

^ rrf 




-MAIM 



Thank you. 



Emily Le 

Office, Rem 3C35 
Mailbox, Rem 3C18 
Tel., 2-0903 



i 



V lume 311, number 2, 1 15-1 18 FEBS 1 1637 

© 1992 Federation of European Biochemical Societies 00145793/92/55.00 



October 1992 



Binding of HIV-1 gpl20 to the nicotinic receptor 
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We previously described a significant sequence homology between HIV-1 gp 120 and the functional sites responsible for the specific binding of snake 
curare-mimetic neurotoxins and rabies virus glycoprotein to the nicotinic acetylcholine receptor. Here we report findings about the existence of 
a mechanism of functional molecular mimicry which could enable the binding of HIV-I gpl20 to nicotinic acetylcholine receptors in muscle cells 

and neurons. 

Acetylcholine receptor; HIV-I; gp!20; a-Bungarntoxin; Mimicry 



1. INTRODUCTION 

In a previous paper [1] we reported a significant ho- 
mology between the sequence, 164-174 [2], of HIV-1 
gpl20 and the putative active sites of snake curare- 
mimetic neurotoxins and rabies virus (RV) glycopro- 
tein, which specifically bind to the nicotinic ace- 
tylch line receptor (AChR). Curare-mimetic neurotox- 
ins from Elapid snakes bind with high affinity to AChR 
and competitively block acetylcholine-induced mem- 
brane depolarization [3]. On the other hand the rabies 
virus binds to the muscle nicotinic receptor and this 
binding is inhibited by snake neurotoxins [4], We con- 
sider the homology of gpl20 with snake neurotoxins 
and RV glycoprotein to be of potential importance for 
HIV-1 infectivity in that it is centered around a region 
comprising highly conserved snake neurotoxin residues 
probably involved in receptor binding; moreover, in 
rabies virus glycoprotein, the same sequence corre- 
sponds to the site of rabies virus binding to AChR [5,6]. 

We proposed that nicotinic acetylcholine receptors 
can function as HIV-1 receptors in muscle cells and 
neurones, by virtue of mimicry of receptor-specific ac- 
tive sites of ligands by HIV-1 gpl20. A similar mecha- 
nism is already suspected for rabies virus binding to 
muscle cells [6]. 

We found that recombinant gpl20 from HIV-1 strain 
IIIB is able to inhibit the binding of the snake neuro- 
toxin, ct-burtgarotoxin (a-Bgt), to the nicotinic ace- 
tylcholine receptor in the human rhabdomyosarcoma 
cell line, TE671. A 14-amino acid synthetic peptide 
(HG1 65- 1 78: Asn-Ile-Ser-Thr-Ser-Ile-Arg-Gly-Lys- 
Val-Gln-Lys-Glu-Tyr), reproducing the sequence 165- 

Correspondence address: L. Bracci, Department of Molecular Biology, 
University of Siena, Policlinico Le Scone, V. le M. Bracci, 53100 
Siena, Italy. Fax: (39) (577) 263 302. 



178 of gp!20, homologous to snake neurotoxins and 
rabies virus glycoprotein, is also able, once conjugated 
to keyhole limpet hemocyanin (KLH), to inhibit the 
binding of a-Bgt to TE671 nicotinic acetylcholine recep- 
tor. Further, immunization of mice with the same 
gpl20-deriyed peptide gave rise to antibodies efficiently 
cross-reacting with rabies virus glycoprotein and a-Bgt 

2. MATERIALS AND METHODS 

2.1. Ceil culture 

The human cell line, TE671 , was obtained from the American Type 
Culture Collection. Cells were grown to confluence at 37X in Dul- 
becco's modified Eagle's medium supplemented with 10% heat-inac- 
tivated fetal calf serum. 

2.2. iodination of a-bungarotoxin 

a-Bgt was obtained from Sigma (St. Louis, MO, USA) and labelled 
with ,25 I as described [7J; specific activity was 2-3 x I0 17 cprn/mol. 

2.3. [ixija-Bgt binding to TE671 celts and inhibition by 
gpl20 

For binding experiments, cells were harvested mechanically with a 
rubber policeman and centrifuged at 450 x g for 15 min; pellets were 
resuspended in phosphate buffered saline (PBS), pH 7.5. to a density 
of I0 7 cells/ml; 10* cells were incubated with 50 p\ of serial dilutions 
of HIV-1 gp!20 (IIIB strain, Neosystem Laboratoire, Strasbourg, 
France) for 3 h under gentle stirring, 5Qp\ of [ ,23 IJa-Bgt (10 s com) were 
then added and the cells incubated for a further 45 min. Binding was 
stopped by the addition of 1 ml ice-cold PBS containing I mg/ml BSA 
and samples were then centrifuged at 450 x g for 15 min at 4°C. The 
cell pellets were washed twice as above and counted in a /-counter 
(Minimaxi 500. Packard Instruments Co., Downers Grove, IL). Max- 
imum binding was obtained by replacing inhibitors with assay buffer. 
Non-specific binding was determined in the presence of 7.5 x 10"* M 
unlabelkd a-Bgt. [ ,25 l Ja-Bgt binding in the presence of I mM nicotine 
and of 25 mM acetylcholine/0.25 mM neostigmine was also measured 
for additional controls. 

2.4. Peptide synthesis 

Solid phase synthesis was carried out with a model 430A automatic 
synthesizer (Applied Biosystems, Foster City, CA) employing F-moc 
chemistry. The peptide sequence was checked by a gas-phase microse- 
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quencer (Model 470A, Applied Biosystcm). HG165-178 was conju- 
gated with KLH by glutaraldchyde, about 300 mol of peptide were 
bound per mol of KLH. The conjugated peptide (cHG) was used for 
inhibition experiments and for immunization of mice. 

2.5. Inhibition ofl m Ila-Bgt binding to TE67I AChR by HG165-178 
KLH conjugated peptide 

S x 10 s celts in 100 pi of PBS were incubated with 50 p\ of serial 
dilutions of peptides for 2 h. f "IJa-Bgt ( 10* cpm) were then added and 
incubated for 45 min. The ceils were washed and radioactivity counted 
as described above. Maximum binding was determined by replacing 
inhibitors with assay buffer. KLH and an uncorrelated 14-amino acid 
peptide conjugated to KLH (SI) were used under the same conditions 
t check non-specific inhibition. 

2.6. Antibodies 

Balb/c mice were injected intraperitoneally with 250 fig of HGI65- 
178 KLH-conjugated peptide in complete Freund's adjuvant (CFA) 
(day I). The mice were boosted as above using incomplete Freund's 
adjuvant at days 15 and 36, At day 57, the mice were injected intrave- 
nously with 100 /Jg conjugate in saline. After 3 days scrum from 
immunized animals was collected for the experiments (polyclonal an- 
tibodies). 

2.7. EUSA 

Anti-HG165-178 mouse antiserum was tested on three different 
antigens. 96-wdl EIA plates were coated with HIV-I gpl20, RV 
glycoprotein or a-Bgt in 50 mM ammonium carbonate buffer, pH 9.5, 
for 18 h at 4°C. The plates were then washed and quenched with 3% 
bovine serum albumin, washed again and incubated with serial dilu- 
tions of antiserum for 3 h at 37°C. Binding was detected by horse- 
radish peroxtdase-conjugated anti-mouse IgG. 



3. RESULTS AND DISCUSSION 

A significant homology is present between the se- 
quence, 164-174, of HIV-l gpl20 and the active sites 
responsible Tor the binding of snake neurotoxins and 
rabies virus glycoprotein to muscle AChR (Fig. 1). 

The human rhabdomyosarcoma cell line, TE671, is 
known to express a muscle-like nicotinic receptor [8]. 
[ l25 I]a-Bgt binding to the nicotinic receptor in the 
TE671 cell line was measured on intact cells. Non-spe- 
cific binding was checked in the presence of a high 
excess of unlabeiled a-Bgt. No binding of [ ,25 I]a-Bgt 
was detected on hepatoma PLC/PRF/5 (data not 
shown), a different human cell line. Gpl20 from the 
HIV-l strain IHB was found to inhibit the binding of 
a-Bgt to TE671: 30% of maximum binding (B Q ) was 
measured in the presence of 2 x 10" 7 M gpl20 (Fig. 2). 
Acetylcholine and nicotine were used under the same 
conditions to specifically inhibit the binding, as already 
described for a-Bgt binding to torpedo AChR [7,9]. 
HIV-l gpl20 inhibition of a-Bgt binding indicates a 
'functional equivalence 9 between these proteins for nico- 



C-D-I-F-T-W-S-R-G-K-R RV glycoprotein (residues 189-199) 

F-N-I-S-T-5-I-R-G-K-V HIV- 1 gpl20 (residues 164-174) 

C-o-A-F-C-S-I-R-G-K-R a-cobrmtoxin (residues 30-40) 

C-D-ft-F-C-5-S-R-G-K-V a-bangirotoxin (residues 30-40) 

Fig. 1. Sequence homology of HIV-l gp 120 with rabies vims glycopro- 
tein and snake venom neurotoxins. 
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Fig. 2. [ ,25 IJot-Bgt binding to TE67I AChR in the presence of (ACh) 
2.5 x 1<T 2 M acetylcholine/2.5 x HT 4 M neostigmine; (Nic) 1<T 3 M 
nicotine; (1 ) 2 x 10" 7 M gpl20; (2) 10' 7 M gpl20; (3) 5 x 10 8 M gpl20; 
(4) 2.5 x 10" 8 M gpl20. Each point is the mean of duplicate determi- 
nations after subtraction of non-specifically bound radioactivity (*), 
(B 0 ). Maximum binding (see text). 



tinic receptor binding. To investigate whether the se- 
quence of HIV-l gpl20, homologous to snake neuro- 
toxins and rabies virus glycoprotein, might be involved 
in the binding of gpl20 to AChR, we synthesized a 
14-amino acid peptide (HG165-78: Asn-Ile-Ser-Thr- 
Ser-Ile-Arg-Gly-Lys-Val-Gln-Lys-Glu-Tyr), reproduc- 
ing the sequence 165-178 of gpl20. Once conjugated to 
KLH this peptide inhibits [ ,25 l]a-Bgt binding to intact 
TE671 cells (Fig. 3). About 40% of maximum binding 
was obtained in the presence of 1 .4 x 10~ 7 M conjugated 
peptide, but we could not measure any significant inhi- 
bition with the free peptide. 

The effect of the protein carrier is not surprising. It 
has been reported in other cases and attributed to the 
stabilization of the peptide active conformation [10]. In 
our case the further ability of gp!20 to inhibit the bind- 
ing of a-Bgt to the nicotinic receptor in TE671 seems to 
indicate that the HG165-178 active conformation is 
similar to the one this sequence assumes in the native 
pr tein. Moreover immunization of mice with KLH- 
conjugated HG165-178 gave rise to an antiserum which 
bound to gpl20 and also recognized rabies virus 
glycoprotein and a-Bgt in ELISA (Fig. 4), confirming 
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Fig. 3. [ ,25 IJa-Bgt binding to TE671 AChR in the presence of different 
concentrations of the following competing ligands: KLH-conjugated 
HGI65-I78 (cHG), KLH, and an uncorrelated 14-amino acid KLH- 
conjugated peptide (SI). 



the possibility of a structural similarity between the re- 
gi ns of these proteins having remarkable sequence ho- 
mology. In the light of our results we cannot exclude the 
possibility that inhibition of a-Bgt binding to TE671 
cells by HIV-1 gpl20 is due, at least in part, to receptor 
down-regulation following gpl 20 binding. 

The existence of an HIV- 1 receptor alternative to 
CD4 in neurones and muscle cells is strongly suggested 
by evidence of the ability of HIV-1 to infect CD4-nega- 
tive muscle and neural cells [1 1 , 1 2] and the lack of inhi- 
bition by soluble CD4 of HIV-1 infection of muscle and 
neuronal cell lines [13]. Galactosyl ceramide has been 
reported to specifically bind HIV-1 gpl20, and has been 
proposed as an essential component of HIV-1 receptors 
in neural cell lines and brain cells expressing this or a 
related lipid [14,15]. Our evidence of the binding of 
gpl20 to TE671 nicotinic receptors helps t explain 
HIV-1 infection of muscle cell lines, and suggests that 
nicotinic receptors may also bind HIV-I gp!20 in neural 
cells. At least two populations of nicotinic receptors are 
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Log Sorum Dilutions 

Fig. 4. Anti-KLH-conjugated HG165-I 78 mouse polyclonal antibod- 
ies tested in ELISA on RVG (+RVG), gp!20 (+gp!20) and a-Bgt 
(+Bgt). compared to equivalent dilution of normal mouse serum 
(-RVG), (-gp!20)and (-Bgt). 



expressed in the nervous system [16], one of which is 
labelled by a-Bgt. Moreover some of the cell lines, such 
as RD, TE671 and IMR32, in which a CD4-independ- 
ent infection by HIV-1 has been proposed, are known 
to express a-Bgt binding nicotinic receptors [8,17], 
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Summary. We have found a striking homology between the sequence 164-174 
of HIV-1 gpl20 and the sequence 30-40 of snake venom neurotoxins; this 
sequence homology is very similar to that existing between the same region of 
snake venom neurotoxins and rabies virus glycoprotein. 

* 

The nicotinic acetylcholine receptor has already been proposed as a host cell 
receptor for rabies virus during the infection of muscular and neuronal cells 
[11]. The first indication was discovered by Lentz and co-workers: they found 
a remarkable sequence homology between a region of the rabies virus glyco- 
protein and the putative functional site of snake venom curare-mimetic neu- 
rotoxins [12], which suggested a functional convergence between these different 
proteins. Snake venom neurotoxins are selective inhibitors of nicotinic acetyl- 
choline receptor which compete with acetylcholine for binding to the physiologic 
ligand's binding sites located on receptor a-subunits [5]. 

Neurotoxins from Elapidae and Hydrophidae venomous snakes are small 
polypeptides (7,000-8,000 molecular weight); they are divided into two groups, 
short (60-62 residues) and long neurotoxins (71-74 residues) [reviewed in 5]; 
more than 60 different neurotoxins have been sequenced and comparison of 
their primary structures was made, accompanied by aminoacid chemical mod- 
ification and studies on the three dimensional conformation: these studies pro- 
vided useful information about the structure-function relations of this protein 
family. Snake neurotoxins share quite a constant three-dimensional structure 
composed of a central core and three loops: loop 2 (the toxic loop) is composed 
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of highly conserved residues, mainly comprised in the 30-45 sequence (num- 
bering according to [ 1 7]), some of which are essential for maintaining functional 
properties [4]. 

Since the homology between rabies virus glycoprotein and snake neurotoxins 
was first described, purified rabies virus glycoprotein was demonstrated to be 
able to compete with the potent neurotoxin of the snake Bungarus multicinctus 
a-bungarotoxin for the binding to the acetylcholine receptor [1]; moreover 
anti-peptide monoclonal antibodies, directed to the glycoprotein sequence 190- 
203 where the homology with snake neurotoxins was most evident, efficiently 
inhibit the binding of both rabies virus glycoprotein and a-bungarotoxin to 
acetylcholine receptor [1, 15], thus confirming the existence of a correlation 
between the snake neurotoxins functional site and a region of rabies virus 
glycoprotein which appears to be involved in virus binding to the receptor. 

While studying the correlation between rabies virus glycoprotein and snake 
neurotoxins we found that a similar homology with neurotoxins toxic loop is 
also present in the sequence 164-174 of HIV-1 g P 120 (numbering according to 
[18]); comparison of HIV gpl20 with a-cobratoxin from the snake Naja naja 
siamensis shows a stretch of 5 identical residues (Fig. 1) comprising highly 
conserved residues among the neurotoxins family as well as the invariant R 37 , 
G 38 , and K 39 that are most probably involved in receptor binding (Fig. 2) 
Interestingly, a good homology is also evident with k-bungarotoxin, reported 
to be a selective marker of neuronal nicotinic receptors [7] (Fig. 1). 

This sequence homology may have considerable significance in view of the 
reported ability of HIV to infect CD4 negative cells in culture [8] and the 
recently described lack of inhibition by soluble CD4 [3] and anti-CD4 antibodies 
[19] of HIV binding to muscular and neuronal cells. 

In the last two cases, on the basis of their results, the authors conclude that 
HIV might infect neuronal and muscular cells in a way that is not mediated 
by CD4. The rhabdomyosarcoma cell line (TE671) used in the inhibition ex- 
periments is known to express a muscular acetylcholine receptor [16]; moreover 
different members of the nicotinic receptors gene family are expressed in different 
regions of the mammalian central nervous system [6]. 



1. RD----HRGTI 

2. SD----HRGTI 

3. CDAFCSSRGKV 



Naja nigricollis Toxin oc ( Tx oc ) ( 30-40 ) 
Dendroaspis viridis Toxin 4.11.3(30-40) 
of-Bungarotoxin (oC-Bgt) (30-40) 

4. CDIFTNSRGKR Rabies virus glycoprotein (189-199) 

5. FNISTSIRGKV HIV gpl20 (164-174) 

6. CDAFCSIRGKR <X_ C obratoxin (<*-Cbt) (30-40) 

7. CDKFCSIRGPV k-Bungarotoxin (k-Bgt) (30-40) 

Fig 1. Comparison of aminoacid sequence of 5 HIV gpl20 (residues from 164 to 174) and 
4 rabies virus glycoprotein (residues from 189 to 199) with /, 2 short and 3, 6, 7 long 

neurotoxins (residues from 30 to 40) 
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a b 

Fig. 2. a Computer graphic representation of the main chain folding of the long neurotoxin 
a-cobratoxin at 0.28 nm resolution. The toxic loop is protruding at the bottom in this 
representation, b Computer graphic representation of the toxic loop of a-cobratoxin. All 
the residues comprised in this loop are highly conserved among different neurotoxins except 
for those indicated by arrows; invariant residues are indicated by asterisks 



HIV infection of muscular and neuronal cells in vitro might be mediated 
by gpl20 binding to nicotinic receptors present in these cell lines; the possibility 
that the same mechanism may be the basis of HIV neurotropism should be 
considered. 

It is known that neurologic dysfunctions occur in at least 60% of AIDS 
patients [10]; subacute encephalitis (AIDS encephalopathy or dementia com- 
plex) is the most common neurologic problem which seems to be specifically 
induced by HIV [10, 14]. Moreover the virus has been isolated in the brain, 
peripheral nerves, and cerebrospinal fluid of AIDS patients with subacute en- 
cephalitis [9, 13]. 
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A sequence homology between a virus and a cellular receptor ligand, such 
as that observed between rabies virus or HIV and snake neurotoxins, may also 
be important in view of the possibility that antibodies to the cell receptor could 
be produced via an anti-idiotypic immune response following an infection with 
the virus or, through immunization with viral proteins containing the ligand- 
mimicking sequence. In the case of rabies virus, mice immunized with purified 
rabies virus glycoprotein produced auto-antibodies directed to the acetylcholine 
receptor [2], lost weight and died in a short time. 
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Abstract 

A region of the human immunodeficiency virus type 1 (HIV-1) envelope glycopro- 
tein gp!20 has been claimed previously to be homologous to parts of snake venom 
neurotoxins and rabies virus glycoprotein ("the neurotoxic loop"). We have de- 
termined DNA sequences directly from a polymerase chain reaction amplified 
fragment corresponding to this region of HIV-1 gpl20 and have translated these 
to protein sequences. This was performed with the prototype HIV SF2 isolate and 
several Swedish HIV-1 strains, which were precultivated from blood cells or 
cerebrospinal fluid (CSF) or were directly obtained from CSF cells of patients 
with and without neurological symptoms. The results show that there are se- 
quence similarities between a short segment of gp 120 of clinical HIV-1 strains 
and the neurotoxic loop. The strains of patients with neurological symptoms did 
not, however, show a genetic shift of their sequences towards a greater similarity 
to the sequences of snake venom neurotoxins and rabies virus glycoprotein as 
compared to the strains of asymptomatic individuals. 



Introduction 

Human immunodeficiency virus type 1 (HIV-1) commonly infects the central 
nervous system (CNS) of patients in all stages of infection (1-3). Furthermore, 
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neurol „^ ™ «- rs^srfi 

daily in the late stages (4-6) HIV-1 is .most ireq virus ^ ^ estabhsh 

phages and multinucleated part ^£«jj£ep tor (7). It has, however, been 
L infection of glia cells » .^^Sv £ binding to other receptors, e.g., 
suggested that HIV-1 can infect bran ceU vi receptor has b e en 
gafaaocerebroside (8,9). Further* iore the ace* ^ & re rf th 

proposed to mediate entry of the ms m neura ^ ^ homologous t0 

P H1V P -1 envelope ft-W'i^^r*^ 
parts of snake venom neu ~ t0 ™ s d ^ a the ACh receptor (10,11). 

^r-sasis — - * *- ^ 

protein. 

Materials and Methods 

Subjects 

The HIV-1 isolates ^^^^^^^^ 
(PBMC) and cerebrospinal ^^^A^t frozen at -70°C for 1-3 years, were 
Table 1). The isolates, w^h had bee^kep t froz and tained 

thawed, inoculated on cultures of PBMC « ™ J examined for neurological 

cultures. 



r nrmP a ; n the conventional 

UsingtheDNA of cultured HIV isolates .J^^KS^ 2). When 
^er us.ng one set of ^^^CS? cells, the PGR was ^r- 
amplification was earned out using me outer primer, BJTOX1, 

oTmed in a nested configuration i*J a new up. r ^ ^ 
and BJTOX3 as the inner p " mer ( ™ n ^ ^eurotoxin-like" genomic region 
"cated in conserved segments of th HIV 1 n^ 

of g P 120 (10), corresponding to c nuc ' e °" a oi r the conve ntional PCR was 95 C, 30 
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Table L Characteristics of the pi 



Patient no. 



Stage of 
infection 



1 
2 
3 

4 

5 

6 

7 
8 



AIDS 
AIDS 
AIDS 

PGL 

Asympto- 
matic 
PGL 

ARC 
AIDS 



PBMC = peripheral blood mom 
ized lymphadenopathy; ARC = 
determined by magnetic reson 



primer pair was for 30 cy 
jxl (total volume) of fresl 
using the inner (BJTOX; 
controls were included. 

A check for specificity 
rose gel electrophoresis ■ 
The appearance of fragm 
sidered specific. 



DNA sequencing 

After the specificity cor 
components using a Qiaj 
to the manufacturer's pi 



Table 2. Neurotoxin-Uke env 



Outer 

BJTOX1 
BJTOX2 

Inner 

BJTOX3 a 



T 
T 



a Run as a nested primer wit! 
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>ns occur frequently, espe- 
y detected in CD4+ macro- 
The virus can also establish 
r (7). It has, however, been 
ing to other receptors, e.g., 
ine (ACh) receptor has been 
s (10). Thus, a region of the 
gested to be homologous to 
Tycoprotein ("the neurotoxic 
•tor (10,11). 

tr a genetic similarity can be 
and without advanced CNS 
oms and rabies virus glyco- 



Tabie I. Characteristics of the patients 



Patient no. 



1 

2 
3 

4 

5 

6 

7 
8 



Mage oi 
infection 


^nnrce of 

the virus 


Neurological 
symptoms 


White matter 
changes 0 


AIDS 


PBMC culture 


+ 




AIDS 


PBMC culture- 


+ 


+ 


AIDS 


PBMC culture 


+ 


+ 




CSF culture 






PGL 


PBMC culture 








CSF culture 






Asympto- 


PBMC culture 






matic 


CSF culture 






PGL 


PBMC culture 








CSF culture 






ARC 


CSF ceils 






AIDS 


CSF cells 




+ 



PBMC = peripheral blood mononuclear cells; CSF = cerebrospinal fluid; PGL = persistent general- 
ized lymphadenopathy; ARC = AIDS related complex. 
•Determined by magnetic resonance imaging of the brain. 



;ral blood mononuclear cells 
-1 infected patients (no. 1-6; 
at -70°Cforl-3 years, were 
blood donors, and maintained 
illy examined for neurological 
ice imaging (MRl) of the brain 
lis of two more patients (no. 7 
f three HlV SF2 -infected HuT-78 



s performed in the conventional 
and BJTOX3 (Table 2). When 
f CSF cells, the PCR was per- 
•stream outer primer, BJTOX1, 
TOX2; Table 2). Primers were 
eurotoxin-like" genomic region 
tion 319-760 of the HIVsr^v 
conventional PCR was 95 C, 30 
e 1 where denaturation was for 
tin. The same cycle configuration 
i of amplification with the outer 



primer pair was for 30 cycles. Then 5 u-1 of the amplified DNA was added to 50 
ul (total volume) of fresh reaction medium, and was run for another 30 cycles 
using the inner (BJTOX3) and one outer primer (BJTOX2). Frequent negative 

controls were included. 

A check for specificity of the reaction was always performed by running aga- 
rose gel electrophoresis (3% NuSieve, FMC Bioprod.) of the amplified product. 
The appearance of fragments of 441 bp (non-nested) or 401 bp (nested) was con- 
sidered specific. 



DNA sequencing 

After the specificity control, the amplified DNA was purified from all the PCR 
components using a Qiagen PCR purification kit (cat. no. 12313/12315), according 
to the manufacturer's protocol. The purified DNA was quantified by application 



Table 2. Neurotoxin-like env primer seque nces and t heir locatio n in the HIV SF2 g e nome 

Location 



Sequence (5'-3') 



Outer 

BJTOX1 
BJTOX2 

Inner 

BJTOX3* 



TAATCAGTTTATGGGATCAAAG 
TTCCATGTGTACATTGTACTGT 

ATTAACCCCACTCTGTGTTA 



6552-6573 
6971-6992 

6592-6611 



a Run as a nested primer with BJTOX2. 
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MultiweU microliter plate sequencing k it t0 the comp any's 

Amersham (Buckinghamshire England) primer DNA 

the microcomputer program DNASIS of Pharmacia-LKB. 



Results 

///V-/ prototype and database sequences 



A. 

/jo/ale 

HIV-1 BRU/HXB2 (164-174/159-169) 
HIV-1 S F2 (157-167) 
H1V-2rod (165-175) 
SIVmmi42 0 73-183) 
B. 

HlVspz/SMCL 

c. 



Sequence 
FN1STS1RGKV 

F N I TTSI RDKI 
FNMTGLERDKK 
FNMTGLKRDKK 

FY I TTSI RDKI 



Patient no 


Code 


Source 


1 


p25931 


PBMC 


2 


p25933 


PBMC 


3 


p25935 


PBMC 


3 


p25936 


CSF 


4 


p25937 


PBMC 


4 


p25938 


CSF 


5 


p26341 


PBMC 


5 


p26342 


CSF 


6 


p26351 


PBMC 


6 


p26352 


CSF 


7 


p2078 


CSF 


B 


p2268 


CSF 



Sequence 
F K V T T N I 
F N 1 T T G 1 
F N I T T r[m| 
F N I T T R|jJ 
F N 1 T T N 1 
F N 1 T T N 1 
FNITTSI 
F N 1 T T S 1 
FNITTSI 
FNITTSI 
F N V S T S I 
F Y V T T G I 



K D K M 

R D K V 

R D K V 

R D K V 

R D K V 

R D K V 

R N K V 

R N K V 

[k]d K V 
[rJd K V 

R D K V 
R D K V 



Fig . , The neurotoxic ioop-UKe a m ino ^ = ^Z i^SS 
and patient HIV-1 strains. .4: Sequence o 'wc (12) . B: Seq uence of .he prototype 
isolate. The data were obtamed ^^1^1^!^^ - 
^TranS :^n^CR h :^ en, DNA from patients with and without neuronal 
symptoms (see Table I). 
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this isolate, except for a none 
position (165 in gpl20) to a Y 
N (AAT). Identical results w. 
cultures that were sequenced 

The neurotoxic loop patter 
are summarized in Fig. 2A. \ 
amino acids are identical in a 
of the toxins (4-7 of 8) cont; 
and R40. 

The equivalent pattern of 
quences from the 1990 Los A 
Only the T 168 is common to * 
strains contain the amino aci 
V 174 . In Fig. 2C a comparis 
most commonly used amino 
and HIV-1 gpl20. The snak« 
pattern. However, only the 1 
tein sequence. On the other I 
in the HIV-1 gpl20 I 16f> and 1 

By inspection of the 1990 
sequence motif was found 2 
HIV-2 and simian immunod 
acids were identical in the H 
the RDK sequence. The HI 

A. Snake toxins: 30-40 (8 sequences) 

I C. DJ- D -[ G, A, N, I, K) • ( £i T] ■ { fi, ( 

B. "Neurotoxic loop" of HIV-1 gpl20: 164-1 

(F.Y1-IN.Q. K].{t.V > M.TJ.[I.SJ- 

n^18 17 12 15 



C. Comparison of the most frequently used a 
toxins, rabies virus glycoprotein and HI 



b.CO 
C. FN 



. - sjs r|g[k H (30-40) 
ApNSa'GKR (189-199) 



Fig. 2. The neurotoxic loop-like ar 
tein. and HIV-1 gp120. Variable a 
acids are underlined. The n numbe 
for eight different snake toxins (10 
neurotoxic loop-like sequences of 1 
son of sequences compiled from tl 
virus glycoprotein (2 strains; 9), ar 
other sequences are within boxes. 
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m bromide. The degree of 
ird dilution series. Double- 
1 the purified DNA using a 
) dATP (400 Ci/mmol) from 
according to the company *s 
he sequencing primer. DNA 
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this isolate, except for a nonconservative substitution of a N reside in the second 
position (165 in gpl20) to a Y residue, due to an A to T transition in the codon for 
N (A AT). Identical results were obtained in three H1V SF2 isolates from different 
cultures that were sequenced independently. 

The neurotoxic loop pattern obtained with eight different snake toxins (10,11) 
are summarized in Fig. 2A. Variable amino acids are within brackets. Only three 
amino acids are identical in all toxins, the D 31 , R 37 , and G 38 . However, a majority 
of the toxins (4-7 of 8) contain the amino acids C 30 , G 32 , F 53 , C 34 , S 35 , S 36 , K 39 , 
and R40. 

The equivalent pattern of 19 different HIV-1 gpl20 neurotoxic-loop-like se- 
quences from the 1990 Los Alamos database (12) show more variability (Fig. 2B). 
Only the T 168 is common to all HIV-1 sequences. A great majority of the HIV-1 
strains contain the amino acids F 164 , N 165 , 1 166 , Tj 67 , S ]69 , 1 170 , R, 71 , D 172 , K l73 , and 
V n4 . In Fig. 2C a comparison is made between sequences compiled from the 
most commonly used amino acids of snake toxins, rabies virus glycoprotein (1 1) 
and HIV-1 gp!20. The snake toxins and HIV-1 gpl20 both show a S-X-R-X-K 
pattern. However, only the R-X-K part is shared with the rabies virus glycopro- 
tein sequence. On the other hand, the rabies virus I l91 and T 193 show counterparts 
in the HIV-1 gpl20 I 166 and the conserved T 168 . 

By inspection of the 1990 Los Alamos database (12), a neurotoxic-loop-like 
sequence motif was found at the corresponding positions in env of isolates of 
HIV-2 and simian immunodeficiency virus (SIV; Fig. 1A). Six of the 11 amino 
acids were identical in the HIV-1 SF2 and HIV-2 rod and SIV mml42 isolates, including 
the RDK sequence. The HIV-2, SIV, as well as all other neurotoxic-loop-like 
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A. Snake toxins: 30-40 (B sequences) 
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B. "Neurotoxic loop" ot HIV-1 gp120: 164-174 (19 sequences) 
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C. Comparison ot the most frequently used amino acids ot snake 
toxins, rabies virus glycoprotein and HIV-1 gpl20 



(30-40) 
(189-1 99) 
(154-174) 




Fig. 2. The neurotoxic loop-like amino acid sequence patterns of snake toxins, rabies virus glycopro- 
tein, and HIV-1 gp!20. Variable amino acids are within brackets. The most frequently used amino 
acids are underlined. The n numbers show the frequency of occurrence of the amino acids. A : Pattern 
for eight different snake toxins (10,11), from amino acid positions 30 to 40. B: Pattern for 19 different 
neurotoxic loop-like sequences of HIV-1 gp!20 (12), from amino acid positions 164 to 174. C: Compari- 
son of sequences compiled from the most frequently used amino acids of (a) snake toxins, (b) rabies 
virus glycoprotein (2 strains; 9), and (c) HIV-1 gpl20. Identities between the HIV-1 sequence and the 
other sequences are within boxes. 
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without CNS dysfunction. Previous results have indicated that there are alterna- 
tive sites other than the CD4 receptor through which HIV-1 may enter brain cells. 
Thus, galactocerebroside has been suggested to play a role in HIV-1 entry (9). 
Furthermore, based on amino acid homologies between HIV-1 gpl20, rabies virus 
glycoprotein, and snake venom neurotoxins, it has been proposed that HIV-1 
neurotropism could be mediated by binding to ACh receptors in neurons (10). 
Clinical data support the view that disturbances may involve the cholinergic neu- 
rotransmitter system in the CNS of HIV-1 infected patients. Thus, extrapyramidal 
CNS symptoms are not an uncommon finding (15) in HIV-1 infected patients, 
who also often develop extrapyramidal side effects on antipsychotic drugs (16). 
Furthermore, we have reported the existence of a brain white matter lesion, 
detected by MRI, in HIV-1 infected individuals. This type of lesion has been 
described earlier in only two cases of rabies (6). Therefore, it was of interest to 
determine if the homologous sequence (corresponding to the neurotoxic loop) 
was modified in HIV-1 strains from patients presenting with overt neurological 
symptoms and brain white matter changes such that an even greater homology 
was found. 

If it is hypothesized that there is a true homology between the neurotoxic loops 
of the snake toxins and rabies virus glycoprotein, on the one hand, and the HIV-1 
gpl20 sequences, on the other, it must be taken into consideration that there is 
probably no, or very limited, selective pressure in vivo, on HIV-1 to preserve 
such a structure. Furthermore, under such conditions the pronounced variability 
of the HIV-1 genome will also rapidly eradicate any similarities with the neuro- 
toxic loop sequence. It is therefore noticeable that one amino acid (R 17) , corre- 
sponding to R 57 ) out of the three conserved D 31 , R 37 , and G 38 residues in the snake 
toxins (Fig. 2A) is present in the majority of the HIV-I strains. It would seem 
that selection towards greater similarity might be operative in CNS as compared 
to blood, due to the presence of the nicotinic ACh receptor in higher numbers 
than the CD4 receptor. Thus, CSF samples from HIV-1 infected patients should 
presumably be more likely to harbor HIV-1 strains that show stronger similarity 
to the snake toxins in the neurotoxic loop-like sequence. 

DNA sequencing of PCR amplified products is a powerful tool for rapid se- 
quence analysis of a defined, short segment of the HIV genome. Sequence bias, 
due to selection of HIV strains adapted to culture, can be avoided when sequenc- 
ing is performed on virus DNA amplified directly from cells of the patients. 
Therefore, we also analyzed DNA that was obtained directly from CSF cells. 
Similar results as for the cultured isolates were found. However, it cannot be 
excluded that not only the virus cultured on PBMC ; but also the strains from the 
CSF cells, were adapted for binding to the CD4 receptor rather than to the ACh 
receptor. 

It is well known that an HIV-1 infected person may habor several genetically 
different populations of HIV-1 in the blood (17). Therefore, the genetic divergence 
between the blood and CSF strains of two patients in our study is not surprising. 
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The significance of the change in KDK sequence in PBMC to a RDK motif in 
CSF in one patient is not known. It has, however, been found that single amino 
acid changes in HIV-1 gpl20 can drastically affect receptor binding to the CD4 
receptor (18). 

It should be noted that the primary virus isolates from the two patients with 
the most advanced CNS dysfunction did not grow when passaged to new PBMC 
cultures. It has been discussed earlier whether a change may occur in the tropism 
of HIV-1 strains in the CNS of patients in the late stages of infection (2,19). Thus, 
in contrast to the situation for blood cultures, it is not possible to isolate HIV-1 
from CSF using PBMC as target cells in a substantial portion of AIDS patients 
(2). The present results showing an apparent lack of genetic shift in patients with 
neurological dysfunction towards sequences more homologous to the neurotoxic 
loop, should, therefore, be interpreted with caution. It cannot be excluded that 
HIV-1 strains directly obtained from brain cells could exhibit such sequence 
variation. 
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a-Neurotoxins from scorpion venoms constitute the 
most studied group of modifiers of the voltage-sensitive 
sodium channels, and yet, their toxic site has not been 
characterized. We used an efficient bacterial expression 
system for modifying specific amino acid residues of the 
highly insecticidal an euro toxin LqhalT from the scor- 
pion Leiurus quinquestriatus hebraeus. Toxin variants 
modified at tight turns, the C-terminal region, and other 
structurally related regions were subjected to neuro- 
pharmacological and structural analyses. This ap- 
proach highlighted both aromatic (Tyr 10 and Phe 17 ) and 
positively charged (Lys 8 , Arg 18 , Lys 62 , and Arg 64 ) resi- 
dues that (i) may interact directly with putative recog- 
nition points at the receptor site on the sodium channel; 
(ii) are important for the spatial arrangement of the 
toxin polypeptide; and (iii) contribute to the formation 
of an electrostatic potential that may be involved in 
b Precognition of the receptor site. The latter was sup- 
ported by a suppressor mutation (E15A) that restored a 
detrimental effect caused by a K8D substitution. /The 
feasibility of producing anti-insect scorpion neurotox- 
ins with augmented toxicity was demonstrated by the 
substitution of the C-terminal arginine with histidine. 
Altogether, the present study provides for the first time 
an insight into the putative toxic surface of a scorpion 
neurotoxin affecting sodium channel gating. 



a-Neurotoxins, the most abundant group in Buthidae scor- 
pion venoms, are polypeptides composed of a single chain of 
63-65 amino aci ds, cross-linked by four disulfide bridges, and 
are responsible for human envenomation (1, 2). They show 
variability in their apparent toxicity to mammals and insects, 
in their primary structures, and in their binding features to 
neuronal membrane preparations (3-6). Among scorpion neu- 
rotoxins, the a-group is the most studied and is useful in 
functional mapping of the sodium channel structure (6; re- 
viewed in Refs. 7-9). Despite the reported structures (10-13), 
chemical modifications, and immunochemical studies (14-17) 
of various scorpion a-toxins, the structural elements dictating 
molecular recognition of their binding site have not been char- 
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acterized. It was postulated that the molecule surface bearing 
a cluster of aromatic and hydrophobic residues, termed the 
"conserved hydrophobic surface," was associated with the toxic 
site (10, 13, 18). However, this postulation has not gained 
experimental support. 

Despite the differences in their primary structures and phy- 
logenetic selectivity, scorpion neurotoxins affecting sodium 
channels are closely related in their spatial arrangements and 
form a compact globular structure that is kept rigid by four 
disulfide bridges (1, 19). A genetic approach based on compar- 
ative analysis of the variable regions may clarify distinct resi- 
dues involved in toxin-receptor interactions. However, due to 
difficulties in producing sufficient amounts of recombinant tox- 
ins (20, 21), such an approach has been limited thus far. 

Recently, we have established an efficient bacterial expres- 
sion system of a scorpion a-neurotoxin, LqhalT, displaying an 
exceptionally high insecticidal activity (5, 6, 22). LqhalT slows 
the sodium current inactivation in excitable membranes in a 
manner characteristic of other scorpion a-toxins (22). Its bind- 
ing to the receptor site on neuronal membranes is competitively 
inhibited by the sea anemone toxin ATXII and enhanced by 
veratridine (6, 23, 24). LqhalT binds to a single class of high 
affinity sites on insect neuronal membranes (K d - 0.2-0.5 nM 
and 0.03-0.04 nM in locust and cockroach, respectively (6, 23)) 
and competes weakly with other a-toxins for binding to rat 
brain synaptosomes. AaHII, the most potent anti-mammalian 
scorpion a-neurotoxin, competes for l25 I-LqhaIT binding sites 
on insect sodium channels, suggesting that the two scorpion 
a-toxins bind to homologous, nonidentical receptor sites on 
insect and mammalian sodium channels (6). LqhalT is toxic to 
mice at relatively high concentrations as opposed to other scor- 
pion a-neurotoxins such as AaHII (5, 6), yet it appears to 
recognize an a-toxin binding site on both insect and mamma- 
lian sodium channels. Using our functional expression system, 
we found LqhalT very useful for a genetic study (5) and for 
two-dimensional 1 H NMR studies (25). Here we report the 
results of modifications introduced at several regions of LqhalT 
that highlight a putative molecular surface-mediating recogni- 
tion of the receptor site and intoxication. 

EXPERIMENTAL PROCEDURES 

Bacterial and Animal Strains — Escherichia coli DH5a cells were 
used for plasmid constructions. E. coli BL21 cells lysogen with DE3 
phage derivative bearing the T7 RNA polymerase gene under control of 
the lac promoter (26) were used for expression. A kanamycin -resistant 
derivative of pET-llc vector (26) was used for expression (5). Sar- 
cophaga falculata blowfly larvae were bred in the laboratory. Albino 
ICR mice were purchased from the Levenstein farm (Yokneam, Israel). 

Site-directed Mutagenesis, Functional Expression, and Purification 
of Toxins— Substitutions K8A, K8D, Y10S, Y10W, and K8D/N9D/Y10V 
were generated by using back-to-back primers and inverse polymerase 
chain reaction (27) with pBluescript bearing LqhalT cDNA (28). Engi- 
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Fig. 1. Alignment of the amino acid 
sequences of several scorpion a-neu- 
rotoxins. Residues homologous to those 
in LqhalT are designated by dashes. Dots 
indicate gaps in the aligned sequences. 
Modified sites are designated by asterisks 
(modifications at positions 49, 50, and 54 
were described previously (5)), and sec- 
ondary structure motifs (25) are indi- 
cated. AaH2, Androctonus austral is Hec- 
tor toxin 2 (AaHII); Lqq4 and Lqq5> 
Leiurus quinquestriatus quinquestriatus 
toxins 4 and 5, respectively; Amm5, A 
mauretanicus mauretanicus toxin 5; Bot3 t 
Buthus occitanus tunetanus toxin 3 (3). 
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neering of the 5' and 3' termini of the LqhalT cDNA for expression was 
described previously (5). Substitutions E15A, F17G, R18A, G40S/K41P, 
and K8D/E15A were performed according to the method of Deng and 
Nickoloff (29). Expression of the recombinant polypeptides in a non- 
soluble form, renatu ration, and purification of the active toxin were 
performed as described previously (5). Sequences of the mutated cDNAs 
were verified prior to expression with Sequenase version II (U. S. Bio- 
chemical Corp.). Quantification of the purified recombinant LqhalT 
variants and verification of their composition was performed by amino 
acid analysis. 

Toxicity Assays — Four-day-old blowfly larvae (S. falculata; 100 ± 20 
mg body weight) were injected intersegmen tally. A positive result was 
scored when a characteristic paralysis (immobilization and contraction) 
was observed 5 min after injection. Nine larvae were injected with five 
concentrations of each toxin in three independent experiments. ED 60 
values were calculated according to the sampling and estimation 
method of Reed and Muench (30). Toxicity to mammals was determined 
by subcutaneous injection to female mice (20 ± 3 g). 

Competition Binding Experiments — Preparation of radioiodinated 
LqhalT was performed according to Gordon and Zlotkin (23). Cockroach 
(Periplaneta americana) synaptosomes (P 2 L fraction) were prepared 
from the central nervous system by established methods (24, 31). The 
binding assays were performed in the form of equilibrium competition 
assays using increasing concentrations of the unlabeled toxin in the 
presence of a constant low concentration of the labeled toxin (30-50 pM) 
(6). Analyses of binding assays were carried out by using the iterative 
computer program LIGAND (Elsevier Biosoft). Each experiment was 
performed at least three times. 

Circular Dichroism Measurements and Molecular Modeling — The 
protein samples used for CD spectrum analyses were in 20 niM phos- 
phate buffer, pH 7. Spectra were measured at 20 °C in 0.05-mm path 
length cuvette from 260 to 178 nm with a JOBIN-YVON (Long-Jumeau, 
France) UV CD spectrophotometer (Mark VI). Calibration was per- 
formed with (+)-10-camphorsulfonic acid. A ratio of 2.2 was found 
between the positive CD band at 290.5 nm and the negative band at 
192.5 nm. Data were collected at 0.5-nm intervals with a scan rate of 1 
nm/min. CD spectra are reported as Ac per amide. The protein concen- 
tration was in the range of 0.5-1 mg/ml as determined on a Beckman 
amino acid analyzer. The secondary structure content was determined 
according to the method of Manavalan and Johnson (32). 

Structural models were constructed using the Quanta-Charmm pro- 
gram by MSI Ltd. and Insight II- Discover software from MSI Technol- 
ogies, Inc. (United Kingdom) running on a Silicon Graphics VGX R4000 
Crimson Workstation. Models were built by the Homology module of 
Quanta on the basis of 59.4% identity to AaHII neurotoxin (10). The 
structures were minimized in vacuo using the Charmm force field. One 
hundred steps of minimization were performed using the steepest de- 
scent algorithm, followed by 5000 steps using the conjugate gradient 
method until a root mean square deviation of 0.001 was obtained. 
Electrostatic potentials of the unmodified and mutant toxins were cal- 
culated using Delphi software (MSI Technologies, Inc. (UK)). 

RESULTS 

Selection of sites to be modified was based on comparison 
between two homologous a-toxins, AaHII and LqhalT, display- 
ing two extremes in their phylogenetic preferences. AaHII, the 
strongest anti-mammalian scorpion a-neurotoxin (6, 33), and 
LqhalT, the most insecticidal toxin among the a-group (5, 6, 
22), compete very poorly with each other for their binding sites 



on insect or mammalian sodium channels. This pharmacologi- 
cal difference can be attributed to nonhomologous residues or 
structural motifs located on their surfaces. Site-directed mod- 
ifications were introduced to LqhalT to elucidate the molecular 
surface involved in recognition of the receptor site on the so- 
dium channel. All toxin variants were purified by high perform- 
ance liquid chromatography using the toxicity assay on blowfly 
larvae as a quick and direct measure of activity. Binding assays 
to a cockroach neuronal membrane preparation were used as a 
measure of direct activity at the receptor site. Possible struc- 
tural alterations were assessed by CD spectroscopy. 

Modification of Tight Turns — Comparison between the 
three-dimensional structures and amino acid sequences of Aa- 
HII (10) and LqhalT (5, 25) revealed major differences in the 
five-residue turn (residues 8-12) and in the C-terminal region: 
(i) residues Asp 8 -Asp 9 -Val 10 in AaHII are located on an exter- 
nal region of the toxin surface and are conserved in a large 
group of a-toxins, whereas these positions are occupied by 
Lys 8 -Asn 9 -Tyr 10 in LqhalT (22, 28) (Fig. 1); (ii) the disposition 
of the C termini relative to the five-residue turns shows a clear 
difference between LqhalT and AaHII (10, 25). 

We initiated the mutagenesis program by substituting resi- 
dues Lys-Asn-Tyr (positions 8-10) into Asp-Asp-Val (as appear 
at these positions in AaHII) and produced the recombinant 
LqhalT variant using our expression-reconstitution system (5). 
This modification affected the activity of the toxin dramati- 
cally: the apparent affinity for the insect receptor site de- 
creased 21,000-fold, and the toxicity was practically lost (Fig. 
2A, Table I). To determine whether this detrimental effect was 
due to a conformational change of the overall structure, the 
mutant toxin was analyzed by CD spectroscopy (Fig. 3A). De- 
spite some changes in the spectrum, the calculated secondary 
structure content (32) was similar to that of the unmodified 
toxin. This result suggested that the mutation might have 
generated a local effect on the active molecular surface. 

To identify the specific residue responsible for the detrimen- 
tal effect, the following separate substitutions were conducted: 
(i) K8A and K8D to determine the significance of the positive 
charge at this position; and (ii) Y10S and Y10W to clarify 
whether a hydroxyl or an aromatic ring is crucial at this site. 
Neutralization of the positive charge at position 8 (K8A mu- 
tant) resulted in a 39.4-fold decrease in the apparent affinity 
for the receptor site on cockroach sodium channels and a 4-fold 
decreased toxicity to blowfly larvae (Fig. 2A, Table I) without a 
significant change in the CD spectrum (Fig. 3B). However, a 
severe effect was obtained when the charge at position 8 was 
inverted by replacing lysine with aspartate (K8D). The appar- 
ent affinity for the receptor site decreased 1611-fold, and less 
than 1% of the residual toxicity was determined (Fig. 2A, Table 
I). CD spectrum analysis of the K8D variant revealed a com- 
plete loss of the 190-nm band (Fig. 3A), suggesting changes in 
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Biological activity of the recombinant toxins 
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Fig. 2. Competitive inhibition of the binding of unmodified 
125 1 -labeled LqhalT by various recombinant LqhalT toxins. The 

unmodified toxin is compared with mutants modified in turn structures 
(A), mutants modified at residues presumably interacting with the 
receptor site (£), and mutants modified at the C-terminal region (C). 
Cockroach neuronal membranes (25 /xg of membrane protein) were 
incubated for 60 min at 22°C in the presence of 0.03 nM 125 I-labeled 
LqhalT and increasing concentrations of unmodified or mutant toxins. 
Nonspecific binding of 125 I-labeled LqhalT, determined in the presence 
of 1 /am LqhalT (corresponding to 15-25% of total binding), was sub- 
tracted. The binding was determined as described (see "Experimental 
Procedures" and Ref. 6) and analyzed by the LI G AND computer 
program. 

its secondary structure (see "Discussion"). 

In an attempt to visualize the impact of the charge inversion, 
we compared the calculated electrostatic potentials of the un- 
modified, the K8D, and K8D/N9D/Y10V mutant toxins (Fig. 4). 
The unmodified toxin was found to be highly polar. One pole, 
containing the N terminus, was negatively charged, and the 
other pole, containing Lys 8 , Arg 18 , Arg 58 , Lys 62 , and the C- 
terminal Arg 64 , was positively charged (Fig. 4, top left). The 
"bullet-shaped" electrostatic potential was severely disrupted 
in mutant K8D (Fig. 4, top right) and only mildly disrupted in 
mutant K8A (data not shown). We investigated whether this 
disruption was due to the charge inversion at position 8, caus- 
ing a conformational change (Fig. 3A), or to alteration of the 
overall charge distribution of the molecule by neutralizing the 
negative charge of the adjacent Glu 15 (E15A mutant). This 
substitution was based on results obtained by Delphi calcula- 
tions with K8D and K8D/E15A computer models suggesting a 
detrimental effect on the electrostatic potential caused by two 
adjacent negative charges, i.e. Asp 8 and Glu 15 (Fig. 4, top 
right). The E15A mutation alone revealed no significant change 
in the binding affinity, a 4-fold decrease in toxicity (Table I, Fig. 
2A), no change in the CD spectrum (Fig. 3A), and a nonsignif- 
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° ED 50 was determined on blowfly larvae (100 ± 20 mg). 
6 IC 50 was determined on cockroach neuronal membrane prepara- 
tions. 

icant change in the electrostatic potential (data not shown). 
However, an EISA mutation in addition to the K8D mutation 
(K8D/E15A double mutant) had no effect on the CD spectrum, 
remaining similar to that of mutant K8D (Fig. 3A), but restored 
the electrostatic charge distribution to a great extent (Fig. 4, 
top left). This restoration was reflected by substantial increases 
in the apparent affinity for the receptor site (22-fold) and tox- 
icity (8.3-fold) of the double mutant compared with the K8D 
mutant (Fig. 2A, Table I). These results suggest that the elec- 
trostatic potential may be important for the biological activity 
of LqhalT. 

The possible role of the aromatic Tyr 10 , belonging to the 
five-residue turn, was investigated by two substitutions. A 
Y10W substitution had a minute effect on toxicity (Fig. 2B, 
Table I). However, replacement by serine caused a 114-fold 
decrease in the apparent affinity for the receptor site (Fig. 2B, 
Table I), and only 10% of the toxicity was detected (Table I). In 
light of the unchanged CD spectra of mutants Y10S (Fig. SB) 
and Y10W (not shown), these results suggest that the aromatic 
side chain at position 10 may interact with the receptor site. 

The 40-43 0-turn is unique to a-scorpion neurotoxins and 
thus could pertain to their characteristic pharmacology (19). In 
other a-toxins, residues 40 and 41 are serine and proline, 
respectively, whereas glycine and lysine occupy these positions 
in LqhalT. Still, the G40S/K41P mutation had a mild effect on 
toxicity. Although the 190-nm band decreased substantially in 
the CD spectrum of this mutant (Fig. 3C), the apparent affinity 
for the receptor site decreased only 25.7-fold, and 64% of the 
toxicity was preserved (Table I). These results suggest that this 
tight turn does not play a critical role in the insecticidal activity 
of LqhalT. 

Modification of the Loop Preceding the a-Helix — From the 
solution structure of LqhalT (25) it was apparent that residues 
Phe 17 and Arg 18 in the loop preceding the a-helix (residues 
19-28) belong most likely to the molecular surface common to 
the aforementioned turns. Phe 17 is unique to LqhalT, and 
Arg 18 is found at this position in most a-neurotoxins with high 
activity against mammals (Fig. 1) (6, 34). Phe 17 was replaced 
by glycine, found in most a-toxins, and Arg 18 was substituted 
by alanine to examine the role of its charge. The IC 50 of mutant 
F17G was affected markedly (160-fold increase), and 14% of the 
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Fig. 3. Circular dichroism spectra of unmodified and mutant 
LqhalT toxins. The unmodified toxin is compared with mutants mod- 
ified at the five-residue turn and a suppressor mutant (A), mutants with 
minor structural changes CB), and mutants modified at the 40-43 
0-turn and at the C-terminal region (C). Spectra of some mutants that 
resembled that of the unmodified toxin, i.e. Y10W, D19N, D19H, R18A/ 
D19N, R64N, and R64HR, were omitted. 

toxicity was determined (Fig. 2B, Table I). The apparent affin- 
ity of mutant R18A for the receptor site on the cockroach 
sodium channels decreased 231-fold, and 22% of the toxicity 
was determined (Fig. ZB, Table I). However, only minor 
changes in calculated electrostatic potentials (data not shown) 
and CD spectra (Fig. SB) were observed. 

The residue adjacent to Arg 18 is the first amino acid in the 
a-helix. In LqhalT, this position is occupied by aspartate 
(Asp 19 ), whereas asparagine is found at this position in most 
a-neurotoxins (Fig. 1). Mutant D19N revealed no change in the 
apparent affinity for the receptor site but some increase in 
toxicity to blowfly larvae (Table I). Mutant D19H revealed a 
slight decrease in activity. A double mutant, R18K/D19N, ex- 
erted some improved binding affinity but a slight decrease in 
toxicity (Table I). Apparently, the negative charge at position 
19 has no important role in the toxicity of LqhalT. 

Modifications of the C Terminus — The region connecting 
Cys 12 (five-residue turn) with Cys 63 (C-terminal region) by a 
disulfide bridge was shown to participate in an immunoreac- 
tive epitope whose blocking by specific antibodies inhibited the 
binding of AaHII to rat brain synaptosomes. Furthermore, 
Val 10 , Lys 58 , His 54 , and/or His 64 were proposed to play a role in 
the interaction with a monoclonal antibody, which precluded 
binding of AaHII to the receptor site (35). 

The possible involvement of the C terminus in the toxic site 
of LqhalT was investigated by modifying the terminal Arg 64 
and the adjacent Lys 62 . The positive charge of Arg 64 was either 
neutralized (R64A, R64N) or inverted (R64D). Furthermore, 
the terminal Arg 64 was substituted by histidine, found at the C 
terminus of several other a-toxins, and by a histidine-arginine 





R64D 



K8D-N9D-Y10V 



FlG. 4. The electrostatic potentials of LqhalT and modified 
toxins. The positive (+1 kcal/mol) surface of the unmodified toxin is 
shown as a white net (top left), and the positive surfaces of the mutants 
are shown by blue nets. The negative (-1 kcal/mol) surfaces are indi- 
cated by the red nets or by the purple net in the double mutant K8D/ 
E15A The structures and electrostatic potentials of the unmodified and 
K8D/E15A double mutant are superimposed. N and C stand for the N 
and C termini, respectively. The orange ribbons , oriented similarly in 
all variants, indicate the carbon backbones. 



pair, as found in the cDNA sequence of LqhalT (28). Lys 62 was 
converted to leucine to assess the significance of its positive 
charge. As shown in Fig. 2C and Table I, the apparent affinity 
for the receptor site of mutants R64A and R64N decreased, 
whereas their toxicity (Fig. 2C, Table I) and CD spectra re- 
mained practically unchanged (not shown). Orientation of their 
electrostatic potentials did not change, albeit there was a re- 
duction in the overall positive charge (data not shown). Mutant 
R64D, however, revealed a marked decrease in the apparent 
affinity for the receptor site and 20-fold reduced toxicity (Table 
I, Fig. 2C). These effects were in concert with a marked disrup- 
tion of the electrostatic potential (Fig. 4) and a change in CD 
spectrum (Fig. 3C). Another severe effect occurred with mutant 
K62L (220-fold decrease in apparent binding affinity and 5-fold 
reduced toxicity) (Table I, Fig. 2C). This effect was accompa- 
nied by an increase in the 190-nm band of the CD spectrum 
(Fig. 3C) and a marked decrease in the positive component of 
the electrostatic potential (not shown). 

In contrast to the mutants showing reduced activity, mutant 
R64H revealed a 3.2-fold increase in toxicity and a 3-fold im- 
proved binding affinity for the receptor site (Fig. 2C, Table I). 
The CD spectrum of this variant remained similar to that of the 
unmodified toxin (Fig. SB). 

All toxin variants were injected to mice in parallel with the 
biological tests on insects. Interestingly, the changes in the 
insecticidal activity of each of the mutant toxins correlated 
with the changes in the anti-mammalian toxicity (not shown). 

DISCUSSION 

The genetic approach in the present study has become pos- 
sible due to an efficient expression-reconstitution system es- 
tablished recently for the highly insecticidal scorpion a-neuro- 
toxin LqhalT and its genetic variants (5). Interestingly, the 
yields of functional polypeptide variants were similar to that 
obtained for the unmodified toxin, varying between 2 and 5 mg 
of protein per liter of E. coli culture, and no correlation between 
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the yield, bioactivity, and/or CD spectrum was observed. Point 
mutagenesis highlighted amino acid residues having a role in 
receptor site recognition, structural arrangement, and forma- 
tion of a polar electrostatic surface. 

A Putative Dual Role for Lys 8 — Since variations in animal 
group specificity among toxins belonging to the same neuro- 
pharmacological class are most likely related to structural dif- 
ferences at their putative toxic sites, we directed the initial 
modifications to such a variable motif, namely the five-residue 
turn of LqhalT. This turn (residues 8-12) in LqhalT (KNYNC), 
the most insecticidal scorpion a-toxin (6, 22), differs greatly 
from its corresponding turn in AaHII (DDVNC), the strongest 
anti-mammalian scorpion a-neurotoxin (6, 33). The profound 
decrease in toxicity and binding affinity to the receptor site 
caused by the K8D/N9D/Y10V mutation (Table I) suggested a 
major role for residues 8-10. At this point it was important to 
clarify whether the K8D/N9D/Y10V mutation affected the over- 
all structure, which could consequently lead to loss of activity, 
or whether it was a local effect on residues exposed to the 
solvent and, thereby, disrupted direct interactions with the 
receptor binding site. CD spectrum (Fig. 3A) and singular value 
decomposition-derived data analyses of the mutant toxin re- 
vealed a secondary structure content similar to that of the 
unmodified toxin, suggesting preservation of the overall spatial 
arrangement of the mutant toxin. The modifications performed 
with either Lys 8 or Tyr 10 were made to determine the specific 
residue responsible for the detrimental effect obtained with the 
triple mutation. The marked decrease in the apparent binding 
affinity and toxicity obtained with the K8D mutation (Table I) 
implied a major role for this residue. This detrimental effect 
could be due to either direct disruption of a structural motif or 
indirect alteration generated by repulsion between Asp 8 and 
Glu 15 , elimination of a direct interaction with a recognition 
point at the receptor site, and/or alteration of the polarity of the 
molecule. Analysis of mutants K8A, E15A, and K8D/E15A pro- 
vided data enabling discrimination among these possibilities. 
The importance of a positive charge at this position was shown 
by the decrease in toxicity of the K8A mutant (Table I). Since 
the electrostatic potential and CD spectrum of the K8A mutant 
changed only slightly, the decrease in activity did not result 
from disruption in secondary structure or from elimination of 
the putative interaction with the adjacent Glu 15 . It is more 
likely that Lys 8 interacts electrostatically with the receptor 
site, and since this interaction is part of a multipoint interact- 
ing surface (31, 36), its effect is rather slim. 

However, inversion of the charge at position 8 (K8D mutant) 
caused a severe effect on biological activity (Table I) in addition 
to a complete disappearance of the 190-nm band in the CD 
spectrum (Fig. 3A). This band was found to correlate with 
either a-helix and/or turn structures (37). We speculate that 
the changes observed in the 190-nm band in the CD spectra of 
mutants K8D and G40S/K41P are associated with structural 
alterations of tight turns alone. That is because the modifica- 
tions were introduced to turn structures distant from the single 
a-helix of this molecule. On the basis of the structural differ- 
ence between AaHII (10) and LqhalT (25), we speculate that 
this structural change might cause Asp 8 to form hydrogen 
bonds, as is found in AaHII (10), leading consequently to a 
buried position in the mutant K8D. Furthermore, the electro- 
static potential of this variant was disrupted as well (Fig. 4). 
Restoration of activity obtained by the E15A suppressor muta- 
tion while the CD spectrum remained similar to that of the 
K8D mutant (Fig. 3A) suggested that neither the change in 
secondary structure nor the negative charge at position 8 were 
fully responsible for the detrimental effect caused by mutation 
K8D. The unchanged CD spectrum of mutant K8D/E15A com- 



pared with that of mutant K8D also contradicted the possibility 
that a repulsion between Asp 8 and Glu 15 caused the alteration 
in secondary structure (Fig. 3A). It is possible that introduction 
of two negative charges (Asp 8 and Glu 15 ) at the positive pole 
disrupts the electrostatic potential of the molecule, whereas 
one negative charge (Glu 15 in the unmodified toxin, provided 
that no interaction with Lys 8 exists, or Glu 15 in the K8A mu- 
tant, or Asp 8 in the K8D/E15A mutant) is not detrimental. This 
conclusion is supported by the results obtained with the K8D/ 
N9D/Y10V triple mutant. Three negative charges (Asp 8 , Asp 9 , 
and Glu 15 ) changed the electrostatic potential of the toxin (Fig. 
4); indeed, the apparent affinity for the receptor site decreased 
21,000-fold, and only 0.4% of the residual toxicity was meas- 
ured (Table I). These results may suggest an important role for 
the electrostatic potential in the biological activity of the toxin. 

Comparison between the structures of the five-residue turns 
in AaHII (10) and LqhalT (25) provides further insights re- 
garding the critical effect obtained by the K8D substitution. In 
AaHII, hydrogen bonds exist between Asp 8 and each of the 
residues Cys 12 , Val 10 , and Asn 11 (10). This network stabilizes 
the five-residue turn and may influence the C-terminal stretch 
through the Cys 12 -Cys 63 disulfide bridge. In LqhalT, however, 
Lys 8 is exposed to the solvent, in contrast to the buried Asp 8 in 
AaHII. Thus, stabilization of the five-residue turn in LqhalT is 
achieved differently. From the solution structure of LqhalT 
(25), it is apparent that Tyr 10 interacts most likely with the 
terminal Arg 64 , and Lys 8 does not seem to interact with Glu 15 
but rather with Tyr 14 . As mentioned above, the lack of inter- 
action between Lys 8 and Glu 15 reflects the negligible change in 
the CD spectrum obtained with mutant E15A (Fig. 3A). Thus, 
Lys 8 , whose substitution by alanine had a moderate effect on 
toxicity, may play a dual role by interacting electrostatically 
with the receptor site and contributing to the polar electrostatic 
surface of LqhalT. 

Aromatic Residues in the Putative Toxic Surface — The im- 
portance of the aromatic side chain of Tyr 10 for toxicity was 
apparent from the unchanged toxicity of mutant Y10W com- 
pared with mutant Y10S, which revealed a 110-fold decrease in 
the apparent binding affinity for the receptor site (Table I, Fig. 
2B). The possible interactions of Tyr 10 with the C-terminal 
arginine, inferred from the solution structure of LqhalT (25), 
may suggest that the precise position of Tyr 10 is important and 
needs special stabilizing interactions. 

Another aromatic residue showing importance for toxicity is 
Phe 17 . This is inferred from the substantial decrease in biolog- 
ical activity (Table I) without a significant change in CD spec- 
trum (Fig. 3B) upon its substitution. Its location within the 
putative molecular surface common to the five-residue turn 
and the C terminus suggests that Phe 17 may interact directly 
with the receptor site. 

Examination of the spatial arrangement of LqhalT suggests 
that the side chains of additional aromatic amino acids, such as 
Tyr 14 , Tyr 21 , or Trp 38 , are located in the vicinity of the putative 
toxic surface and may be important for toxicity. In accordance 
with this notion is the result obtained by sulfenylation of Trp 38 
in AaHII, which decreased the toxicity and apparent binding 
affinity for mammalian sodium channels by more than 1 order 
of magnitude, whereas the CD spectrum of the modified toxin 
remained unchanged (36). 

Conversely, modifications of two aromatic residues that be- 
long to the conserved hydrophobic surface, i.e. sulfenylation of 
Trp 45 in AaHII (the equivalent of Trp 47 in LqhalT) and substi- 
tution of Tyr 49 by isoleucine in LqhalT (5), had a negligible 
effect on toxicity to mammals and insects, respectively. In both 
instances, the CD spectra of the modified toxins changed dra- 
matically (Ref. 36 and data not shown). Thus, it is likely that 
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the conserved hydrophobic surface may not be involved in the 
toxic surface. 

Charged Residues in the Putative Toxic Surface — Our results 
pinpoint several charged residues, in addition to Lys 8 (see 
above), that show significance for activity. One such residue is 
Arg 18 , as shown by the R18A mutation. The CD spectrum of 
this mutant (Fig. 3S) was similar to that of the unmodified 
toxin, and its electrostatic potential was only moderately af- 
fected (data not shown). Therefore, the decrease in activity of 
mutant R18A (Table I) may suggest a direct electrostatic in- 
teraction of Arg 18 with the receptor site. Interestingly, substi- 
tution of the adjacent Asp 19 by asparagine had no effect on 
toxicity, and a D19H mutation affected the activity only mod- 
erately. The double mutant R18K/D19N also had a minor effect 
(Table I). These results imply that residue 19, the first residue 
of the a-helix stretch (residues 19-28), may have no role in the 
interaction with the receptor site. This result is in concert with 
the finding that antibodies raised against the a-helix region of 
AaHII and the turn comprising residues 27-30 were capable of 
binding to the toxin when associated with the receptor site (14). 

Superposition of the structures of AaHII and LqhalT reveals 
also that the C termini of both toxins are positioned between 
the five-residue turn and the /3-turn formed by residues 40-43. 
However, their dispositions relative to the five-residue turns 
differ in both toxins. Based on these observations, we modified 
Lys 62 and Arg 64 to investigate their contribution to the puta- 
tive toxic surface. Neutralization of the positive charge of the 
C-terminal residue (R64A or R64N) decreased the apparent 
affinity for the receptor site more than 50-fold, although the 
toxicity remained practically unchanged (Table I). The discrep- 
ancy between the effects obtained in vivo, using blowfly larvae, 
and in vitro, using cockroach neuronal membranes, may be 
related to the inherent differences between fly and cockroach 
sodium channel structures. Differences in sodium channel pro- 
teins of various insect central nervous system membranes have 
been shown at the biochemical level (38, 39). Moreover, the 
ability of scorpion neurotoxins to distinguish among sodium 
channel preparations of various insects has also been reported 
(6, 24, 39). The similarity between the CD spectra of mutant 
R64N (not shown) and that of the unmodified toxin minimized 
the possibility that mutation R64N caused a structural change 
affecting activity. More likely is the suggestion that Arg 64 
interacts electrostatically with the receptor site. 

Inversion of the charge at the C terminus, mutation R64D, 
had a dramatic effect: the apparent binding affinity decreased 
2394-fold, and the remaining toxicity was 5% (Table I). Such a 
detrimental effect can result from a conformational alteration, 
as inferred from the altered CD spectrum (Fig. 3C), the change 
of the electrostatic potential of the toxin (Fig. 4), or the pertur- 
bation of the electrostatic contact with the receptor site. Except 
for the disruption of the contacts between Arg 64 and Tyr 10 , 
Asp 64 may generate a new intramolecular contact with a 
nearby residue, leading to some structural change, as was 
suggested by the altered CD spectrum of this mutant (Fig. 3C). 
Yet, this putative alteration, reflected by the highly sensitive 
measurement of the CD spectrum, had only a minute effect on 
the energy-minimized a-carbon model of the mutant toxin 
(Fig. 4). 

Another positive charge related to the C-terminal domain is 
Lys 62 . Its putative interaction with the receptor site is shown 
by the 220-fold decrease in the apparent binding affinity to the 
cockroach sodium channel when substituted by leucine (Table 
I). The moderate change observed in the CD spectrum of mu- 
tant K62L (Fig. 3C) may suggest that this residue is involved in 
an intramolecular interaction as well. 

In a previous study, biotinylation of Lys 58 of AaHII resulted 




Fig. 5. The putative toxic surface of LqhalT. The model was 
constructed according to the solution structure of the toxin (25). Genet- 
ically modified residues affecting the toxic surface are designated in 
red. Residues whose counterparts in similar toxins were affected by 
chemical modifications are shown in orange. Residues whose substitu- 
tion had no effect are indicated in green. The conserved hydrophobic 
surface, located on a different side of the molecule, appears in blue. 
Orientation of the carbon backbone is to a similar direction as in Fig. 4 
with some variations for better visualization. 

in the most devastating effect obtained with chemical agents 
applied on scorpion toxins affecting sodium channels (16). Only 
1% of the original toxicity toward mammals was determined, 
and no detectable displaceability of the native toxin from the 
mammalian receptor site could be monitored with the modified 
toxin. From the known structure of AaHII (10), Lys 58 was 
suggested to interact with Asn lx and Gly 61 by hydrogen bond- 
ing. This network may be important for stabilizing the C ter- 
minus relative to the five-residue turn. By analogy to LqhalT 
and its putative toxic surface, we speculate that the prominent 
effect obtained in the biotinylated AaHII could be due to a 
combination of structural disruption, elimination of a putative 
electrostatic interaction with the receptor site, and/or alter- 
ation of the electrostatic potential of the molecule. 

Conclusion — Our study pinpoints a putative molecular sur- 
face involved in recognition of the receptor site that differs from 
the conserved hydrophobic surface located on a different side of 
the molecule (Fig. 5). The plausible suggestion of a multipoint 
interaction of scorpion a-neurotoxins with their binding sites 
(31, 36) is in concert with our results, in which each substitu- 
tion of a residue participating in binding has a partial effect on 
activity, whereas a structurally devastating mutation may 
cause a more severe effect. 

Binding to the receptor site may involve electrostatic as well 
as hydrophobic interactions with opposing constituents at the 
receptor site. This was demonstrated in other toxin receptor 
site interactions, e.g. K + channels and short scorpion neurotox- 
ins such as charybdotoxin, leiurotoxin, and P05 (40-43), or the 
nicotinic acetylcholine receptor and a sea snake toxin, erabu- 
toxin a (44). The most recent finding, showing that inversion of 
a negative glutamate into a positive residue in the extracellular 
linker between sodium channel transmembrane segments S3 
and S4 in domain IV disrupts the binding of an a scorpion 
neurotoxin to rat brain sodium channels (45), is in concert with 
our suggestion. The significance of the electrostatic potential 
for the binding of a short scorpion toxin, Lq2, to its receptor site 
was inferred from the inversion of a negatively charged residue 
in a potassium channel, which affected association rather than 
the dissociation rate of the toxin (46). From the correlation 
between the changes in biological activities and alterations of 
the putative electrostatic potentials of the various modified 
toxins produced in the present study, the electrostatic potential 
seems to play a role in the biological activity of the long scor- 
pion neurotoxin LqhalT. Whether this polarity is related to 
association or dissociation kinetics of the toxin is still unknown 
and deserves further study. 
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An alternative approach to the elucidation of the toxic site of 
neurotoxins affecting the cholinergic binding site was demon- 
strated by a combination of site-directed mutagenesis of iso- 
lated fragments of the receptor (47, 48) and NMR analyses of 
bound ligands (49). 

Three types of animals, i.e. fly larvae, cockroaches, and mice, 
were used in the bioassays. Injection to fly larvae provided a 
useful and quick measure of the effects caused by the modifi- 
cations and throughout the purification process of each of the 
toxin variants. However, the effects of the mutations on the 
apparent binding affinity to the cockroach central nervous sys- 
tem sodium channels were in most instances more intense than 
the effects on toxicity to fly larvae. This phenomenon may 
result from (i) differences in sensitivity of various insect so- 
dium channels from different tissues or animals to LqhalT and 
to its modified toxin (6) or (ii) variations in susceptibility of the 
toxin variants to proteolysis or availability to various tissues in 
the whole animal that result from the chemical features of the 
toxin, i.e. hydrophobicity or change in charge. Hence, binding- 
competition studies using purified neuronal membranes are a 
direct measure for toxin receptor site interactions on sodium 
channels and thus provide a more sensitive assay than toxicity 
assays on whole animals. 

The similar changes in toxicity toward fly larvae and mice 
obtained with the various mutants suggest that their corre- 
sponding receptor sites are similar. Further modifications of 
residues that belong to the putative recognition site may be 
useful for final determination of the toxic site and for clarifying 
the molecular basis of animal group specificity of scorpion 
a-toxins. 

Acknowledgments — We thank Dr. J. C. Fontecilla-Camps for provid- 
ing the coordinates for the structure of AaHII; R. Oughideni and N. 
Zylber (CNRS Marseille) for the amino acid analyses; and Dr. B. 
Musafia for help with the modeling. 

REFERENCES 

1. Miranda, F., Kopeyan, C, Rochat, H. f Rochat, C. & Ussitzky, S. (1970) Eur. 

J. Biochem. 16, 514-523 

2. Darbon, H., Zlotkin, E., Kopeyan, C, Van Rietschoten, J. & Rochat, H. (1982) 

Int. J. Pept. Protein Res. 20, 320-330 

3. Dufton, M. J. & Rochat, H. (1984) J. Mol. Evol. 20, 120-127 

4. Strichartz, G. R. (1986) in Natural Toxins: Animal, Plant and Microbial, pp. 

265-284, Claredon Press, Oxford 

5. Zilberberg, N., Gordon, D., Pelhate, M., Adams, M. E., Norris, T., Zlotkin, E. & 

Gurevitz, M. (1996) Biochemistry 35, 10215-10222 

6. Gordon, D., Martin-Eauclair, M.-F., Cestele, S., Kopeyan, C., Carlier, E., Ben 

Khalifa, R., Pelhate, M. & Rochat, H. (1996) J. Biol. Chem. 271, 8034-8045 

7. Catterall, W. A. (1980) Annu. Rev. Pharmacol. Toxicol. 20, 15-43 

8. Catterall, W. A. (1986) Annu. Rev. Biochem. 55, 953-985 

9. Catterall, W. A. (1992) Physiol. Rev. 72, (SuppU S15-S48 

10. Fontecilla-Camps, J. C, Habersetzer-Rochat, C. & Rochat, H. (1988) Proc. 

Natl. Acad. Sci. U. S. A. 85, 7443-7447 

11. Pashkov, V. S., Maiorov, V. N., Bystrov, V. F., Hoang, A. N., Volkova, T. M. & 

Grishin, E. V. (1988) Biophys. Chem. 31, 121-131 



12. Housset, D., Habersetzer-Rochat, C, Astier, J.-P. & Fontecilla-Camps, J. C. 

(1994) J. Mol. Biol. 238, 88-103 

13. Landon, C, Cornet, B., Bonmatin, J.-M., Kopeyan, C, Rochat, H., Vovelle, F. 

& Ptak, M. (1996) Eur. J. Biochem. 236, 395-404 

14. El Ayeb, M., Bahraoui, E. M., Granier, C. & Rochat, H. (1986) Biochemistry 25, 

6671-6678 

15. Sampieri, F. & Habersetzer-Rochat, C. (1978) Biochim. Biophys. Acta 535, 

100-109 

16. Darbon, H. r Jover, E., Couraud, F. & Rochat, H. (1983) Int. J. Pept. Protein Res. 

22, 179-186 

17. El-Ayeb, M, Darbon, R, Bahraoui, E.-M, Vargas, O. & Rochat, H. (1986) Eur. 

J. Biochem. 155, 289-294 

18. Fontecilla-Camps, J. C, Almassy, R J., Suddath, F. L. & Bugg, C. E. (1982) 

Toxicon 20, 1-7 

19. Fontecilla-Camps, J. C. (1989) J. Mol. Evol. 29, 63-67 

20. Bougis, P. E., Rochat, H. & Smith, L. A. (1989) J. Biol. Chem. 264, 

19259-19265 

21. Martin-Eauclair, M.-F., Sogaard, M., Ramos, C, Cestele, S., Bougis, P. E, & 

Svensson, B. (1994) Eur. J. Biochem. 223, 637-645 

22. Eitan, M., Fowler, E., Herrmann, R., Duval, A., Pelhate, M. & Zlotkin, E. 

(1990) Biochemistry 29, 5941-5947 

23. Gordon, D. & Zlotkin, E. (1993) FEBS Lett. 315, 125-128 

24. Cestele, S., Ben Khalifa, R, Pelhate, M., Rochat, H. & Gordon, D. (1995) J Biol. 

Chem. 270, 15153-15161 

25. Tugarinov, V., Kustanovitz, I., Zilberberg, N., Gurevitz, M. & Anglister, Y. 

(1997) Biochemistry 36, 2414-2424 

26. Rosenberg, A. H., Lade, B. N., Chui, D., Lin, S., Dunn, J. J. & Studier, F. W 

(1987) Gene 56, 125-135 

27. Zilberberg, N. & Gurevitz, M. (1993) Anal. Biochem. 209, 203-205 

28. Gurevitz, M., Urbach, D., Zlotkin, E. & Zilberberg, N. (1991) Toxicon 29, 

1270-1272 

29. Deng, W. P. & Nickoloff, J. A. (1992) Anal. Biochem. 200, 81-88 

30. Reed, L. & Muench, H. (1938) Am. J. Hyg. 27, 493-497 

31. Gordon, D., Moskowitz, H., Eitan, M., Warner, C, Catterall, W. A. & Zlotkin, 

E. (1992) Biochemistry 31, 7622-7628 

32. Manavalan, P. & Johnson, W. C. (1987) Anal. Biochem. 167, 76-85 

33. Zlotkin, E„ Miranda, F. & Rochat, H. (1978) in Arthropod Venoms (Bettini, S., 

ed) pp. 317-369, Springer-Verlag, Berlin 

34. Martin-Eauclair, M.-F. & Couraud, F. (1995) in Handbook of Neurotoxicology 

(Chang, L. W., and Dyer, R. S., eds) pp. 683-716, Marcel Dekker, Inc., 
New York 

35. Granier, C, Novotny, J., Fontecilla-Camps, J. C, Fourquet, P., El Ayeb, M. & 

Bahraoui, E. (1989) Mol. Immunol. 26, 503-513 

36. Kharrat, R., Darbon, H., Rochat, H. & Granier, C. (1989) Eur. J. Biochem. 181, 

381-390 

37. Perczel, A., Hollosi, M., Sandor, P. & Fasman, G. D. (1993) Int. J. Pept. Protein 

Res. 41, 223-236 

38. Gordon, D. (1990) Curr. Opin. Cell Biol. 2, 695-707 

39. Moskowitz, H., Herrmann, R., Zlotkin, E. & Gordon, D. (1994) Insect Biochem. 

Mol. Biol. 24, 13-19 

40. Goldstein, S. A. N., Pheasant, D. J. & Miller, C. (1994) Neuron 12, 1377-1388 

41. Park, C.-S. & Miller, C. (1992) Biochemistry 31, 7749-7755 

42. Stampe, P., Kolmakova-Partensky, L. & Miller, C. (1994) Biochemistry 33, 

443-450 

43. Inisan, A. G., Meunier, S., Fedelli, O., Altbach, M., Fremont, V., Sabatier, J. 

M., Thevan, A., Bernassau, J. M., Cambillau, C. & Darbon, H. (1995) Int. J. 
Pept. Protein Res. 45, 441-450 

44. Tremeau, O., Lemaire, C, Drevet, P., Pinkasfeld, S., Ducancel, F., Boulain, 

J.-C. & Menez, A. (1995) J. Biol. Chem. 270, 9362-9369 

45. Rogers, J. C, Ou, Y., Scheuer, T. & Catterall, W. A. (1996) Biophys. J. 70, A3 19 

(abstr.) 

46. Escobar, L., Root, M. J. & MacKinnon, R. (1993) Biochemistry 32, 6982-6987 

47. Aronheim, A., Eshel, Y., Mosckovitz, R. & Gershoni, J. M. (1988) J. Biol. Chem. 

263, 9933-9937 

48. Ohana, B. & Gershoni, J. M. (1990) Biochemistry 29, 6409-6415 

49. Fraenkel, Y., Shalev, D. E., Gershoni, J. M. & Navon, G. (1996) Crit. Rev. 

Biochem. Mol. Biol. 31, 273-301 



Molecular Mimicry Between the Rabies Virus Glycoprotein and Human 
Immunodeficiency Virus-1 GP120: Cross-Reacting Antibodies Induced by 

Rabies Vaccination 

By Luisa Bracci, Samir K. Ballas, Adriano Spreafico, and Paolo Neri 



The 160-170 sequence of human immunodeficiency virus 
(HIV)-I gp120 mimics a nicotinic receptor-binding motif of 
rabies virus glycoprotein and snake neurotoxins. This se- 
quence has been proposed to be involved in the binding of 
HIV-1 gp120 to the acetylcholine binding sites of nicotinic 
receptors. By using biomolecular interaction analysis (BIA) 
technology we have found that Hl^J- flPt^^^bindjp 
delejcgejjJsejrtracted nicQtinic-receptprjfrom fetal calf muscle. 
The binding is inhibited by nicotine and by a synthetic pep- 
tide reproducing the gp120 160-170 sequence. The molecular 
mimicry between gp1 20 and rabies virus glycoprotein is con- 
firmed by cross-reacting antibodies. We have found that vac- 

THE SEQUENCE 160-170 of human immunodeficiency 
virus (HIV)-l envelope protein gpl 20 is highly homol- 
ogous to a sequence shared by snake curare-mimetic neuro- 
toxins and the rabies virus glycoprotein. 1 This sequence is 
involved in the specific binding of rabies virus glycoprotein 
and snake neurotoxins to the nicotinic acetylcholine receptor 
(AChR) at neuromuscular junctions. 2 " 5 

In previous reports, 1,6 we proposed that the mimicry of a 
nicotinic receptor binding motif by HIV-1 gpl 20 can be 
important in HIV-1 infectivity by enabling HIV-1 binding 
to the nicotinic receptor acetylcholine binding sites. This 
hypothesis was supported by experimental data indicating 
that recombinant gpl 20 from HIV-1 IIIB can inhibit the 
binding of the snake neurotoxin a-bungarotoxin (a-bgt) to 
the nicotinic receptor in a human rhabdomyosarcoma cell 
line. 6 Moreover, we showed that immunization of mice with 
a synthetic peptide reproducing the sequence 160-170 of 
HIV-1 gpl 20 induces the production of antibodies cross- 
reacting with rabies virus glycoprotein and a-bgt. 6 Taken 
together, these data indicate that a region of HIV-1 gpl 20 
is structurally and functionally related to an important func- 
tional site of rabies virus glycoprotein. 

Apart from the possible relevance in HIV-1 infectivity, it 
is reasonable to expect that this similarity can cause the 
production of cross-reacting antibodies. Our hypothesis is 
supported by a report 7 describing a false-positive HIV-1 
screening related to rabies vaccination. The investigators re- 
ported a case of a woman who had been vaccinated against 
rabies and soon after the last boost gave a positive result in 
an enzyme immunoassay (EIA) for anti -HIV-1 antibodies. 
The woman was a blood donor, and she had been monitored 
for the presence of anti -HIV-1 antibodies and she tested 
negative in the EIA until a few months before the antirabies 
vaccination. Fifteen days after the last injection of the rabies 
vaccine, a repeatedly positive EIA occurred. At the same 
time a polymerase chain reaction for proviral DNA was 
negative. The EIA for anti -HIV-1 antibodies was negative 
again 6 weeks after the first positive result. 

We have tested different serum samples of the described 
patient in enzyme-linked immunosorbent assay (ELISA), 
and we have found a clear cross-reactivity with HIV-1 re- 
combinant gpl 20 and with a synthetic peptide reproducing 
the rabies virus glycoprotein-homologous sequence of HIV- 



cination against rabies can induce the production of anti- 
HIV-1 gp120jBntjb_odif sjn humans. The cross-reacting anti- 
bodie s are dire cted^ to the gpl 20 sequence involved in the 
mimicry withthe rabies virus glycoprotein. The cross-reac- 
tivity between the rabies virus and HIV-1 has important im- 
plications in transfusion medicine. Moreover, the presence 
of cross-reacting antibodies between the nicotinic receptor 
binding site of rabies virus glycoprotein and a fragment of 
HIV-1 gp120 strengthens the hypothesis about the possible 
role of nicotinic receptors as potential receptors for HIV-1 in 
the central nervous system. 
© 1997 by The American Society of Hematology. 

1 gpl 20. Moreover, we have analyzea* the binding of HIV- 
1 gpl 20 to detergent-extracted nicotinic receptor from fetal 
calf muscle membranes by surface plasmon resonance 
(SPR). We have found that a component from fetal calf 
muscle membranes binds to HIV-1 gpl 20. The binding is 
inhibited by nicotine and by the synthetic peptide, which 
reproduces the snake neurotoxin and rabies virus glycopro- 
tein mimicking sequence of HIV-1 gpl 20. 

MATERIALS AND METHODS 

Peptide synthesis. Peptide B2 (C-S-F-N-I-S-T-S-I-R-G-K-V-Q- 
K.-E) was synthesized by solid phase synthesis using a MultiSynTech 
model "Syro" multiple peptide synthesizer (Bochum, Germany) 
employing fluorenylmethoxycarbonyl (Fmoc) chemistry. Fmoc 
amino acid derivatives were coupled by using N-hydroxybenzotri- 
azole-esters and each coupling step was monitored by the bromophe- 
nol blue acid-base indicator. Peptides were cleaved from the resin 
and simultaneously deprotected using a 93% trifluoroacetic acid/2% 
anisole/3% e th and i thiol/2% water mixture. The crude products were 
gel-filtrated on Sephadex G10 and purified by reverse-phase high 
performance liquid chromatography (HPLC). Purified peptides were 
controlled by capillary electrophoresis (Biofocus 3000; Bio-Rad 
Laboratories, Hercules, CA) and by amino acid composition and 
sequence analysis. 

ELISA on recombinant gpl 20. EIA plates (96-well) were coated 
with 2 //g/mL of recombinant gpl 20 (IIIB, Intracel, London, UK) 
in 50 mmol/L carbonate buffer, pH 9.6, overnight at 4°C. Plates 
were washed after each step with phosphate -buffered saline (PBS), 



From the Department of Molecular Biology, Un iversity of Siena, 
Policlinico Le Scotte, Siena, Italy; and the Cardeza Foundation for 
Haematologic Research, Department of Medicine, Thomas Jefferson 
University Hospital. Philadelphia PA. 

Submitted December 17, 1996; accepted June 22, 1997. 

Supported by grants from the Italian Ministry of Health, VIII 
AIDS Project, Grant No. 9304-94. 

Address reprint requests to Luisa Bracci, PhD, Dipartimento di 
Biologia Molecolare, Policlinico Le Scotte, V.le M. Bracci, 53100 
Siena, Italy. 

The publication costs of this article were defrayed in part by page 
charge payment. This article must therefore be hereby marked 
"advertisement" in accordance with 18 U.S.C. section 1734 solely to 
indicate this fact. 

© 1997 by The American Society of Hematology. 

0006-4971/97/9009-0003S3.00/0 



Blood, Vol 90, No 9 (November 1), 1997: pp 3623-3628 



3623 



3624 



pH 7.4, containing 0.05% Tween 20 (PBS-T) and saturated with 3% 
bovine serum albumin (BSA) in PBS-T for 2 hours at 37°C. Serial 
dilutions of sera in PBS-T- 1% BSA were added to the wells for 2 
hours at 37°C. Horseradish peroxidase-conjugated goat antihuman 
IgG (Jackson Immunoresearch Laboratories, West Grove, PA) was 
added at a suitable dilution for 1 hour at 37°C followed by the 
addition of 3,3',5,5'-tetramethy benzidine in the presence of H 2 0 2 
to reveal the binding. The reaction was stopped after 1 5 minutes by 
the addition of 1 N HCI and optical density (OD) values were mea- 
sured at 450 nm. Nonspecific binding of each serum dilution was 
evaluated in noncoated, but saturated, wells. 

EUSA on synthetic peptide B2. ELISA on peptide B2 was essen- 
tially as described above on plates coated with 4 /imol/L peptide in 
50 mmol/L carbonate buffer, pH 9.6. 

EUSA on rabies virus glycoprotein. Different samples of the 
patient's serum (RI, RII, RJII) collected at different times were tested 
on rabies virus glycoprotein using an EIA kit for the determination of 
antirabies virus glycoprotein antibodies (Platelia Rage; Diagnostics 
Pasteur, Marnes-la-Coquette, France). Specific antibody titer was 
calculated following manufacturer's instructions. 

Competition ELISA. Different concentrations of the synthetic 
peptide B2 diluted in PBS-T- 1% BSA were mixed with a 1:10 
dilution of the RI sample of the patient's serum and then added to 
the gp!20-coated plate as described above. Horseradish peroxidase- 
conjugated goat antihuman IgG and substrate was used in the same 
condition described for the ELISA on gpl20. 

Extraction of fetal calf muscle nicotinic receptor. The nicotinic 
receptor was solubilized from fetal calf muscle membranes with 
Triton X-100 following the procedure described by Gotti et al. 8 
The nicotinic receptor concentration in the detergent extracts was 
measured by a radioimmunoassay as described previously. 4 Briefly, 
serial dilutions were incubated with I0 5 cpm of ,25 I-labelIed a-bun- 
garotoxin. Toxin-receptor complexes were precipitated by adding 
18% polyethylene glycol (PEG) 6000, and the supernatants con- 
taining unbound ,25 I-ar-bungarotoxin were discarded. The resulting 
receptor concentration was expressed as moles of l25 I-a-bgt bound 
per liter. Alternatively, unbound ,25 I-labelled a-bgt was separated 
from toxin-receptor complexes by absorbtion on diethyl aminoethyl 
(DEAE) paper discs such as described in Schmidt and Raftery. 9 

SPR. The detection principle of BIAcore (Biacore, Uppsala, Swe- 
den) relies on the optical phenomenon of SPR and has been described 
in detail elsewere. 101 ' Recombinant HIV-1 gp 120 (from NIB strain, 
expressed in Baculovirus and purchased from Intracel) (20 /zg/mL in 
10 mmol/L sodium acetate, pH 4.75) was covalently immobilized via 
primary amino groups on the carboxymcthylated surface of a CM5 
BIAcore sensor chip previously activated with a 1:1 mixture of 100 
mmol/L N-hydroxysuccinimide (NHS) and 400 mmol/L N-ethyl- 
N'(dimethylaminopropyl) carbodiimide (EDC). Unreacted activated 
groups were deactivated by injection of 1 mol/L ethanolamine hydro- 
cloride, pH 8.5. Detergent-solubilized AChR from fetal calf muscle 
membranes was diluted in 10 mmol/L acetate buffer, 150 mmol/L 
NaCl, pH 6.5, and injected over the matrix. Regeneration of the matrix 
was obtained by injection of 10 mmol/L NaOH. 



RESULTS 

Several experimental data described previously by our 
group indicate the presence of a molecular mimicry between 
HIV-1 gpl20 and the rabies virus glycoprotein. 1 ' 6 The se- 
quence 160-170 of HIV-1 gpl20 is highly homologous to 
the sequence 189-199 of the rabies virus glycoprotein and 
to the sequence 30-40 of snake venom neurotoxins 1 (Fig 1). 
We found that immunization of mice with a synthetic peptide 
reproducing the sequence 160-173 of HIV-1 gp120 induces 
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Fig 1. Sequence homology of HIV-1 gp120 with rabies virus glyco- 
protein and snake venom neurotoxins. Boldface letters indicate 
amino acid identities between gp120 and the rabies virus glycopro- 
tein, italic letters indicate identities between gp120 and snake neuro- 
toxins, italic bold letters are used for amino acids that are identical 
in gp120, rabies virus glycoprotein, and snake neurotoxins. 



the production of anti-gpl20 antibodies efficiently cross- 
reacting with both rabies virus glycoprotein and a-bgt. 6 

Consistent with our hypothesis, a possible case of antibody 
cross-reactivity was described in a woman who gave a false- 
positive result in an ELISA test for anti- HIV-1 antibody 
after antirabies vaccination. 712 

We have tested the serum of the described patient on 
recombinant HIV-1 gp!20 in ELISA. A panel of 11 HIV- 
negative sera from blood donors was tested in parallel at 
the same dilutions. Three samples of the rabies vaccinated 
patient's serum were collected at different times after the 
rabies vaccination and tested in identical experimental condi- 
tions. The first sample (RI) was collected at the time of the 
positive HIV-1 screening (August, 1992) and the second 
(RII) and third (RITI) samples were collected some years 
later when the EIA for HIV-1 antibodies was negative again 
(January, 1995 and November, 1995, respectively). We 
found that antibodies from the first sample of the rabies 
vaccinated patient's serum clearly recognize recombinant 
HIV-1 gpl20 in ELISA. In the same assay, the serum sam- 
ples collected later when the anti -HIV test was negative 
again, gave a much lower response on gpl20, with the RIII 
sample giving OD values superimposable to those obtained 
with reference sera from HIV-1 -negative blood donors at 
the same dilution (Fig 2). 

The three samples of serum were tested in an EIA kit for 
the determination of antirabies virus glycoprotein antibodies. 
The titer of antirabies glycoprotein specific antibodies was 
lower in the second and third samples compared with the 
first specimen where anti -HIV-1 antibodies were detected 
(Fig 3 and Table 1). 

The three serum samples described above were tested in 
ELISA also on a synthetic peptide (peptide B2) reproducing 
the HIV-1 gpl20 sequence 157-172, which contains the ra- 
bies virus glycoprotein-homologous motif. A reactivity on 
the synthetic peptide B2 is evident in the three serum speci- 
mens. The response seems to be decreasing with time. Never- 
theless, the OD values remain superior to the OD values we 
get with control HIV-1 -negative sera tested with the same 
peptide (Fig 4). 

Experiments were performed to test the ability of the syn- 
thetic peptide B2 to inhibit the binding of serum antibodies 
from the rabies vaccinated patient to gpl20 in ELISA. The 
synthetic peptide was able to inhibit up to 85% of the anti- 
body binding to gpl20. Fifty percent of maximum binding 
was obtained with 1 /zmol/L peptide (Fig 5). 
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Fig 2. ELISA on recombinant HIV-1 gp120 of the serum from the 
rabies vaccinated patient. Serial dilutions of three samples of serum 
(Rl [•], Rll [■], and Rill [A]), which had been collected at different 
times, were tested on EIA plates coated with recombinant gp120. 
Each point in the Rl, Rll, and RIM lines is the average of triplicate 
samples for each dilution of serum in two different experiments, 
while each point of the normal human sera (NHS [O]) line is the 
average of triplicate samples of 1 1 different HI V-negative sera at the 
same dilutions in two different experiments. 

We used the BIAcore to study the interaction between 
HIV-1 gpl20 and mammalian AChR solubilized from fetal 
calf muscle membranes. HIV-1 gpl20 was covalently immo- 
bilized via primary amino groups on the dextran matrix, and 
detergent- solubilized nicotinic receptor prepared as de- 
scribed in Gotti et al 8 was subsequently injected over the 
matrix. This experimental approach enabled us to detect the 
binding of gpl20 to a component from the detergent-solubi- 
lized fetal calf muscle membranes. Competition experiments 
were done to test the specificity of the binding. The deter- 
gent-extracted fetal calf muscle membranes were injected 
over the matrix-coupled HIV-1 gpl20 in the presence of 
nicotine. Using increasing concentrations of nicotine, we 
obtained up to 80% inhibition of the binding (Fig 6). 

To test whether the binding of HIV-1 gpl20 to the nico- 
tinic receptor could be mediated by the gpl20 sequence, 
which mimics the nicotinic receptor-binding motif shared by 
snake neurotoxins and rabies virus glycoprotein, the syn- 
thetic peptide B2 was tested for its ability to interfere with 
the binding of the nicotinic receptor to gpl20 in BIAcore. 
This peptide was able to inhibit the binding of fetal calf 
nicotinic receptor to immobilized gpl 20. A synthetic peptide 
of the same length, but with a random sequence, had no 
effect on the binding (Fig 7). 

DISCUSSION 

The results reported seem to indicate that rabies vaccina- 
tion can induce the production of antibodies cross-reacting 
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Reciprocal of serum dilution 

Fig 3. ELISA on rabies virus glycoprotein of the serum from the 
rabies vaccinated patient. Serial dilutions of three samples of the 
patient's serum (Rl, Rll, and Rill) collected at different times were 
tested on rabies virus glycoprotein using an EIA kit for the determina- 
tion of antirabies virus glycoprotein antibodies. 



with HIV-1 gpl 20. These cross-reacting antibodies decrease 
with time and can probably be detected only when the antira- 
bies virus antibody titer is relatively high. Because a syn- 
thetic peptide reproducing the 157-172 sequence of HIV-1 
gpl 20 is clearly recognized, both when used in solution and 
when immobilized on a ELISA plate, by serum antibodies 
from the rabies vaccinated patient, it seems that at least some 
of the cross-reacting antibodies are directed to this gpl 20 
sequence, which is highly homologous to the nicotinic recep- 
tor-binding motif of rabies virus glycoprotein. 

The reactivity of serum antibodies with the synthetic pep- 
tide B2 is decreasing with time. Nevertheless, an OD re- 
sponse higher than that we have with control HIV-1 negative 
sera is present even in the RIII sample of serum, which is 
negative in the ELISA on recombinant gpl 20. This can be 
explained by the high homology between the gpl 20 se- 
quence reproduced in the B2 peptide and the corresponding 
rabies virus glycoprotein sequence. Due to this similarity, 
peptide B2 is probably recognized by a higher percentage 
of antirabies antibodies compared with the same sequence 
in the native gpl 20 conformation. 



Table 1. Antirabies Virus Glycoprotein Titer of Serum Samples 
From the Rabies Vaccinated Patient 





Date of 


Antirabies Virus 


Serum Specimen 


Collection 


Glycoprotein Titer 


Rl 


8/92 


2.0 UI/mL 


Rll 


1/95 


1.2 UI/mL 


RIII 


11/95 


1.0 UI/mL 
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Fig 6. SPR of fetal calf muscle nicotinic receptor binding to HIV- 
1 gp120. Triton-extracted membranes from fetal calf muscle (FAchR) 
were diluted in 10 mmol/L acetate buffer, pH 6.5, 150 mmol/L NaCI 
to a concentration of 0.5 nmol of 12S l-a-bgt bound/liter and then 
injected at a flow rate of 5 /iL/minute over a matrix where HIV-1 
gp120 had been covalently immobilized. The same sample was in- 
jected in the presence of increasing concentrations of nicotine. Re- 
generation of the matrix was obtained by injection of 10 mmol/L 
NaOH at the end of each cycle. 



Fig 4. ELISA on the synthetic peptide B2 of the serum from the 
rabies vaccinated patient. Experimental conditions were the same as 
described in the Fig 2 legend. (Rl [•], Rll [■], Rill [▲], NHS [O]). 

The antibody cross-reactivity between the rabies virus and 
HIV-1, which can be induced by rabies vaccination, has 
important implications in transfusion medicine. We are not 
aware of other cases of false-positive HIV tests related to 
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Rg 5. EUSA on gp120 of the serum from the rabies vaccinated 
patient in the presence of peptide B2. A 1:10 dilution of Rl sample 
from the rabies vaccinated serum was mixed with increasing concen- 
trations of peptide B2 and added to a gp120-coated EIA plate. 



rabies vaccination. This is rather understandable considering 
the relatively low incidence of rabies vaccination in humans. 
Nevertheless, it would be interesting to test different sera 
from individuals who have been vaccinated against rabies, 
to see whether the cross-reaction of antirabies antibodies 
with HIV-1 gpl20 is a common event. 

The cross-reactivity of antirabies virus glycoprotein anti- 
bodies with HIV-1 gpl20 confirms the data previously ob- 
tained through immunization of mice with the gpl20 pep- 
tide B2: antipeptide antibodies were reacting with both 
gpl20 and rabies virus glycoprotein. 6 Analogous cross-re- 
acting antibodies seem to be induced by vaccination with 
rabies virus, thus confirming the existence of a similar 
structural motif between the rabies virus glycoprotein and 
HIV-1 gpl20. This common structural motif is probably 
related to a common functional feature that is binding to 
nicotinic receptors. 

By using SPR, we have found that a component from 
detergent solubilized fetal calf membranes binds to HIV-1 
gpl20. The binding is inhibited by nicotine, which is a selec- 
tive ligand of nicotinic acetylcholine receptor. Moreover, the 
binding is inhibited also by the synthetic peptide B2, which 
reproduces the putative nicotinic receptor binding motif of 
gpl20. 

These data, together with our previously described finding 
that pp!20 is able to inhibit the binding of the snake neuro - 
toxin Qf-b gt to nicotinic, receptor in the human , rha frQ^rr jYosar- 
comajcelljin^ th at ITIV 1 fjpl 20 

jcjm _ac_tually^ 

In conclusion, our results indicate that a region of HIV-1 
gpl20, such as rabies virus glycoprotein, can strucurally 
and functionally mimic a snake neurotoxin specific receptor 
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Fig 7. Inhibition of fetal calf muscle nicotinic receptor binding to HIV-1 gp120 by the B2 synthetic peptide. (A) Increasing amounts (10, 100, 
and 300 fiqfml) of the synthetic peptide B2 were mixed with the diluted detergent-solubilized receptor (0.5 nmol of 125 l-a-bgt bound/U. 
Aliquots of each mixture were injected at a flow rate of 5 /tL/min in a flow cell where gp120 had been previously covalently immobilized. 
Regeneration of the matrix was obtained by injection of 10 mmol/L NaOH at the end of each cycle. (B) Identical concentrations of a peptide 
(T18) of the same lenght, but with a random sequence, were injected in identical experimental conditions. 



binding motif. The ability of HIV-l to bind to nicotinic 
receptors could be of primary importance in virus neuropa- 
thogenesis. Nicotinic receptors are widely distributed in the 
central nervous system. 13 * 15 Even if the function of neuronal 
nicotinic receptor is not fully understood, some data indicate 
that they might be involved in the regulation of excitatory 
transmission in the central nervous system and in the release 
of transmitters such as glutammate 16 ' 7 and dopamine. 18 Inter- 
estingly, stimulation of the al subunit of neuronal nicotinic 
receptors can induce an increase in presynaptic calcium in- 
flux, which is specifically blocked by a-bgt. 16,17 

The neurotoxic effect of HIV-1 and gpl20 has been re- 
ported in several studies 19 " 22 despite the fact that neurons 
seem not to be infected in vivo. 23,24 The binding of HIV-1 
gpl20 to nicotinic receptors in the brain could produce sev- 
eral dysfunctions in synaptic excitability, transmitters relase, 
and calcium influx, even in the absence of the direct infection 
of neurones. 
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